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DECLARATION OF AVI ASHKENAZI. Ph D UNDER 37 C.F.H $ 1.132 

I, Avi Ashkenazi, Ph.D. declare and say as follows: - 

1 . I am Director and Staff Scientist at the Molecular Oncology Department of 
Genentech, Inc., South San Francisco, CA 94080. 

2. I joined Genentech in 1988 as a postdoctoral fellow. Since then, I have 
investigated a variety of cellular signal transduction mechanisms, including apoptosis, and have 
developed technologies to modulate such mechanisms as a means of therapeutic intervention in 
cancer and autoimmune disease. I am currently involved in the investigation of a series of 
secreted proteins over-expressed in tumors, with the aim to identify useful targets for the 
development of therapeutic antibodies for cancer treatment. 

3 . My scientific Curriculum Vitae, including my list of publications, is attached to 
and forms part of this Declaration (Exhibit A). 

4. Gene amplification is a process in which chromosomes undergo changes to 
contain multiple copies of certain genes that normally exist as a single copy, and is an important 
factor in the pathophysiology of cancer. Amplification of certain genes (e.g., Myc or Her2/Neu) 



BEST AVAILABLE COPY 



gives cancer cells a growth or survival advantage relative to normal cells, and might also provide 
a mechanism of tumor cell resistance to chemotherapy or radiotherapy. 

5. If gene amplification results in over-expression of the mRNA and the 
corresponding gene product, then it identifies that gene product as a promising target for cancer 
therapy, for example by the therapeutic antibody approach. Even in the absence of over- 
expression of the gene product, amplification of a cancer marker gene - as detected, for example, 
by the reverse transcriptase TaqMan® PCR or the fluorescence in situ hybridization (FISH) 
assays -is useful in the diagnosis or classification of cancer, or in predicting or monitoring the 
efficacy of cancer therapy. An increase in gene copy number can result not only from 
intrachromosomal changes but also from chromosomal aneuploidy. It is important to understand 
that detection of gene amplification can be used for cancer diagnosis even if the determination 
includes measurement of chromosomal aneuploidy. Indeed, as long as a significant difference 
relative to normal tissue is detected, it is irrelevant if the signal originates from an increase in the 
number of gene copies per chromosome and/or an abnormal number of chromosomes. 

6. I understand that according to the Patent Office, absent data demonstrating that 
the increased copy number of a gene in certain types of cancer leads to increased expression of 
its product, gene amplification data are insufficient to provide substantial utility or well 
established utility for the gene product (the encoded polypeptide), or an antibody specifically 
binding the encoded polypeptide. However, even when amplification of a cancer marker gene 

, does not result in significant over-expression of the corresponding gene product, this very 
absence of gene product over-expression still provides significant information for cancer 
(diagnosis arid treatment. Thus, if over-expression of the gene product does not parallel gene 
amplification in certain tumor types but does so in others, then parallel monitoring of gene 
amplification arid gene product over-expression enables more accurate tumor classification and 
hence better determination of suitable therapy . In addition, absence of over-expression is crucial 
information for the practicing clinician. If a gene is amplified but the corresponding gene 
product is not over-expressed, the clinician accordingly will decide not to treat a patient with 
agents that target that gene product. 

7. I hereby declare that all statements made herein of my own knowledge are true 
and that all statements made on information or belief are believed to be true, and further that 
these statements were made with the knowledge that willful false statements and the like so 



made are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the 
United States Code and that such willful statements may jeopardize the validity of the 
application or any patent issued thereon. 
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Personal: 

Date of birth: 

Address: 

Phone: 

Fax: 

Email: 



29 November, 1956 

1456 Tarrytown Street, San Mateo, CA 94402 
(650) 578-9199 (home); (650) 225-1853 (office) 
(650) 225-6443 (office) 
aa@gene.com 



Education: 

1983: 
1986: 



B.S. in Biochemistry, with honors, Hebrew University, Israel 
Ph.D. in Biochemistry, Hebrew University, Israel 



Employment: 

19834986: 

1985- 1986: 

1986- 1988: 

1988 - 1989: 

1989- 1993: 
1994-1996: 

1996- 1997: 

1997- 1990: 
1999 -2002: 
2002-present: 



Teaching assistant, undergraduate level course in Biochemistry 
Teaching assistant, graduate level course on Signal Transduction 
Postdoctoral fellow, Hormone Research Dept, UCSF, and 
Developmental Biology Dept., Genentech, Inc., With j. Ramachandrari 
Postdoctoral fellow, Molecular Biology Dept., Genentech, Inc., 
with D Capon 

Scientist, Molecular Biology Dept., Genentech, Inc. 
Senior Scientist, Molecular Oncology Dept., Genentech, Inc. 
Senior Scientist and Interim director, Molecular Oncology Dept., 
Genentech, Inc. 

Senior Scientist and preclinical project team leader, Genentech, hie. 

Staff Scientist in Molecular Oncology, Genentech, Inc. 

Staff Scientist and Director in Molecular Oncology, Genentech, Inc. 



Awards: 

1988: 



First prize, The Boehringer Ingelheim Award 



Editorial: 

Editorial Board Member: Current Biology 
Associate Editor, Clinical Cancer Research. 
Associate Editor, Cancer Biology and Therapy. 

Refereed papers: 

L Gertler, A» Ashkenazu A, andMadar, Z. Binding sites for human growth 

hormone and ovine and bovine prolactins in the mammary gland and liver of the 
lactating cow. Mol Cell Endocrinol 34, 5 K57 (1984). 

2. Gertler, A., Shamay, A., Cohen, N., Ashkenazl A.. Friesen, H., Levaiion, A., 
Gorecki,M., Aviv, H., Hadari, D., and Vogel,T. Inhibitioii of lactogenic 
activities of ovine prolactin and human growth hormone (hGH) by a novel form of 
a modified recombinant hGH. Endocrinology 118, 720-726 (1986). 

3. Ashkenazi, A., Madar, Z., and Gertler, A. Partial purification and characterization 
of bovine mammary gland prolactin receptor. Mol Cell Endocrinol 50, 79-S7 
(1987). 

4. Ashkenazh A- , Pines, M., and Gertler, A. Down-regulation of lactogenic 
hormone receptors in Nb2 lymphoma cells by cholera toxin. Biochemistry 
Internatl 14, 1065-1072 (1987). 

5. Ashkenazi, A., Cohen, R., and Gertler, A. Characterization of lactogen receptors 
in lactogenic hormone-dependent and independent Nb2 lymphoma cell lines. 
FEES Lett 210, 51-55 (1987). 

6. Ashkenazi, A., Vogel, T., Barash, L, Hadari, D., Levanon, A., Gorecki, M., and 
Gertler, A. Comparative study on in vitro and in vivo modulation of lactogenic 
and somatotropic receptors by native human growth hormone and its modified 
recombinant analog. Endocrinology 121, 414-419 (1987). 

7. Peralta, E , Winslow, J., Peterson, G., Smith, D., Ashkenazi. A., Ramachandran, 
J., Schimerlik, M., and Capon, D. Primary structure and biochemical properties 
of an M2 muscarinic receptor. Science 236, 600-605 (1987). 

8. Peralta, E. Ashkenazi, A., Winslow, J., Smith, D., Ramachandran, L, and Capon, 
D. J. Distincrit primary structures, ligand-binding properties and tissue-specific 
expression of four human muscarinic acetylcholine receptors. EMBO J. 6, 3923- 
3929(1987). 

9. Ashkenazi. A., Winslow, J., Peralta, E., Peterson, G., Schimerlik, M., Capon, D., 
and Ramachandran, J. An M2 muscarinic receptor subtype coupled to both 
adenylyl cyclase and phosphoinositide turnover. Science 238, 672-675 (1987). 
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10. Pines, M., Ashkenazi. A.. Cohen-Chapnik, N., Binder, L., and Gertler, A. 
Inhibition of the proliferation of Nb2 lymphoma cells by femtomolar 
concentrations of cholera toxin and partial reversal of the effect by 12-o- 
tetradecanoyl-phorbol-13-acetate. J. Cell Biochem. 37, 1 19-129 (1988). 

11. Peralta. E. Ashkenazi. A.. Wirislow, J. Ramachandran, J., and Capon, D. 
Differential regulation of PI hydrolysis and adenylyl cyclase by muscarinic 
receptor subtypes. Nature 334, 434-437 (1988). 

12. Ashkenazi.. A. Peralta, E., Winslow, J., Ramachandran, J., and Capon, D. 
Functionally distinct G proteins couple different receptors to PI hydrolysis in the 
same cell. Cell 56, 487-493 (1989). 

13. Ashkenazi. A.. Ramachandran, J., and Capon, D. Acetylcholine analogue 
stimulates PNA synthesis in brain-derived cells via specific muscarinic 
acetylcholine receptor subtypes. Nature 340, 146-150 (1989). 

14. Lammare, P.. Ashkenazi. A.. Fleury, S., Smith, D., Sekaly, R., and Capon, D. 
The MHC-binding arid gpl20-binding domains of CD4 are distinct arid separable. 
Science 245, 743-745 (1 989). 

15. Ashkenazi.. A.. Presta. L., Mafsters, S., Camerato, T., Rosenthal, K., Fendly, B., 
and Capon, P. Mapping the CD4 binding site for human immuhodefficiency 
virus type 1 by alanine-scanning mutagenesis. Proc. Natl. Acad. Set USA. 87, 
7150-7154(1990). 

16. Chamow, S., Peers, P., Byrn, R., Mulkerrin, M., Harris, R., Wang, W., Bjorkman, 
P , Capon, P., and Ashkenazi. A. Enzymatic cleavage of a CD4 immunoadhesin 
generates crystallizable, biologically active Fd-like fragments. Biochemistry 29, 
9885-9891 (1990). 

17. Ashkenazi. A;. Smith. D„ Marsters, S., Riddle, L., Gregory, T., Ho, P., and 
Capon, P. Resistance of primary isolates of human immunodefficiettcy virus type 
1 to soluble CP4 is independent of CP4-rgpl20 binding affinity. Proc. Natl. 
Acad. Set USA. 88, 7056-7060 (1991). 

18. Ashkenazi. A.. Marsters, S., Capon, P., Chamow, S., Figari., L, Pennica, P., 
Goeddel, P., Pailadino, M., and Smith, P. Protection against endotoxic shock by 
a tumor necrosis factor receptor immunoadhesin. Proc. Natl. Acad. Sci. USA. 88, 
10535-10539(1991). 

19. Mobre, J., McKeating, J., Huang, Y., Ashkenazi. A ., and Ho, P. Virions of 
primary HTV-1 isolates resistant to sCP4 neutralization differ in sCP4 affinity and 
glycoprotein gpl20 reteritiori from sCP4-sensitive isolates. J. Virol 66, 235-243 
(1992). 
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20. Jin, H., Oksenberg, D., Ashkenazu A., Peroutka, S., Duncan, A., Rozmahel., R., 
Yang, Y., Mengod, G., Palacios, J., and ODowd, B. Characterization of the 
himian 5-hydroxyh7ptamineiB receptor. J. Biol. Chenu 267, 5735-5738 (1992). 

21. Marsters, A., Frutkin, A., Simpson, N., Fendly, B. and Ashkenazi, A. 
Identification of cysteine-rich domains of the type 1 tumor necrosis receiptor 
involved iri ligarid binding. J. Biol Chenu 267, 5747-5750 (1992). 

22. Chamow, S., Kogaii, T., Peers, D., Hastings, R., Byrn, R., and Ashkenazi. A. 
Conjugation of sCD4 without loss of biological activity via a novel carbohydrate- 
directed cross-linking reagent. /. 5zo/. C/re/w. 267, 15916-15922 (1992). 

23. Oksenberg, D., Marsters, A., ODowd, B., Jin, H., Havlik, S., Peroutka, S., and 
Ashkenazi, A. A single amino-acid difference confers major pharmacologic 
variation between human and rodent 5-HTib receptors. Nature 360, 161-163 

(1992) . 

24. Haak-Freridscho, Kl., Marsters, S., Chamow, S., Peers, D., Simpson, N., and 
Ashkenazi, A. Inhibition of interferon y by an interferon y receptor 
immuhoadhesin. Immunology 79, 594-599 (1993). 

25. Penica, D., Lain, V;, Weber, R., Kohr, W., Basa, L., Spellmah, M., AshkenazL 
Shire, S., and Gbeddel, D. Biochemical characterization of the extracellular 
domain of the 75-kd tumor necrosis factor receptor. Biochemistry 32, 3131-3138. 

(1993) . 

26. Barfod, L., Zheng, Y., Kuang, W., Hart, M., Evans, T., Cerione, R., and 
Ashkeiiazi, A. Cloning and expression of a human CDC42 GTPase Activating 
Protein reveals a functional SH3-binding domain. J. Biol Chenu 268, 26059- 
26062(1993). 

27. Chamow, S, Zhang, D., Tan, X., Mhtre, S., Marsters, S., Peers, D., Byrn, R., 
Ashkenazi, A., and Yuiighans, R. A humanized bispecific immurioadhesin- 
antibody that retargets CD3+ effectors to kill HIV- 1 -infected cells. J. Immunol 
153,4268-4280(1994), 

28. Means, R. 9 Krantz, S., Luna, J., Marsters, S., and Ashkenazi, A. Inhibition of 
murine efythroid colony formation in vitro by iterferon y and correction by 
interferon y receptor immunoadhesin. Blood 83, 9 1 1 -9 1 5 (1 994). 

29. Haak-Frendscho, M., Marsters, S., Mordenti, L, Gillet, N., Chen, S., 
an dAshkenazi, A. Inhibition of TNF by a TNF receptor immunoadhesin: 
comparison with an anti-TNF mAb. J. Immunol 152, 1347-1353 (1994). 
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30. Chamow, S., Kogan, T., Venuti, M., Gadek, T., Peers, D., Mordenti, J., Shak, S., 
and Ashkenazi, A. Modification of CD4 immunoadhesin with monomethoxy- 
PEG aldehyde via reductive alkilation. Bioconj. Chenu 5, 133-140 (1994). 

31. Jin, H., Yang, R., Marsters, S., Bunting, S., Wurm, F., Chamow, S., and 
Ashkenazi, A. Protection against rat endotoxic shock by p55 tumor necrosis factor 
(TNF) receptor immunoadhesin: comparison to anti-TNF monoclonal antibody. J. 
Infect Diseases 170, 1323-1326 (1994). 

32. Beck, J., Marsters, S., Harris, R., AshkenazL A., and Chamow, S. Generation of 
soluble iriterleukin-1 receptor from an immunoadhesin by specific cleavage. MoL 
Immunol 31, 1335-1344 (1994). 

33. Pitti, B., Marsters, M., Haak-Frendscho, M., Osaka, G., Mordenti, J., Chamow, S., 
and AshkenazL A. Molecular and biological properties of an interleukin- 1 
receptor immunoadhesin. MoL Immunol 31, 1345-1351 (1994), 

34. Okseriberg, D, Havlik, S., Peroutka, S., and Ashkenazi, A. The third intracellular 
lobp of the 5-HT2 receptor specifies effector coupling. J. Neurochenu 64, 1440- 
1447(1995). 

35. Bach, E., Szabo, S., Dighe, A., Ashkenazi, A., Aguet, M., Murphy, K., arid 
Schreiber, R. Ligand-induced autoregulation of IFN-y receptor p chain expression 
in T helper cell subsets. Science 270, 1215-1218 (1995) 

36. Jin, H., Yang, R, Marsters, S., Ashkenazl A., Bunting, S., Marra, M., Scott, R., 
and Baker, J. Protection against endotoxic shock by bacteficidal/permeabiUty- 
increasing protein in rats. /. Clin. Invest 95, 1947-1952 (1995). 

37. Marsters, S., Penica, D., Bach, E., Schreiber, R., and Ashkenazu A. Interferon y 
signals via a high-affinity multisubunit receptor complex that contains two types 
ofpolypeptide chain. Proc. Natl Acad. Sci. USA. 92, 5401-5405 (1995). 

38. Van Zee, K;, Moldaiwer, L., Oldenburg, H., Thompson, W., Stackpole, S., 
Mdntegut, W., Rogy, M., Meschter, C, Gallati, H., Schiller, C, Richter, W., 
Loetcher, H., Ashkenazl A ., Chamow, S., Wurm, F., Calvano, S., Lowry, S., and 
Lesslauer, W. Protection against lethal E. coli bacteremia in baboons by 
pretreatment with ai 55-kDa TNF reeeptor-Ig fusion protein, Ro45-2081. J. 
Immunol 156, 2221-2230 (1996). 

39. Pitti, R,, Marsters, S-, Ruppert, S., Donahue, C, Moore, A., and Ashkenazi, A . 
Induction of apoptbsis by Apo-2 Ligand, a new member of the tumor necrosis 
factor cytokine family. J. Biol Chem. 271, 12687-12690 (1996). 
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40. Marsters, .S., Pitti, R., Donahue, C, Rupert, S., Bauer, K., and Ashkenazi. A . 
Activation of apoptosis by Apo-2 ligand is independent of FADD but blocked by 
CrmA. Curr. Biol 6, 1669-1676 (1996). 

41. Marsters. S.. Skubatch. M.. Gray. C. and AshkenazL A . Herpesvirus entry 
mediator, a novel member of the tumor necrosis factor receptor family, activates 
the NF-kB and AP-1 transcription factors. /. Biol Chem. 272, 14029-14032 
(1997). 

42. Sheridan, J., Marsters, S., Pitti, R., Gumey, A., Skubatch, M., Baldwin, D., 
Ramakrishhan, L., Gray, C, Baker, K., Wood, W.I., Goddard, A., Godowski, P., and 
Ashkenazi, A. Control of TRAIL-induced apoptosis by a family of signaling and 
decoy receptors. Science 211, 818-821 (1997). 

43. Marsters, S., Sheridan, J., Pitti, R., Gumey, A., Skubatch, M., Balswin, D., Huang, A., 
Yuan. J.. Goddard. A.. Godowski. P., and Ashkenazi, A. A novbl receptor for 
Apo2L/TRAlL contains a truncated death domain. Curr. Biol 7, 1003-1006 (1997). 

44. Marsters, A., Sheridan, J., Pitti, R., Brush, J., Goddard, A., and Ashkenazi, A. 
Identification of a ligand for the death-domain-containing receptor Apo3. Curr. Biol 
8,525-528(1998). 

45. Rieger, J., Naumann, U., Glaser, T., Ashkenazi, A ., and Weller, M. Apo2 ligand: 
a novel weapon against malignant glioma? FEBS Lett 427, 124-128 (1998). 

46. Pender, S., Fell, J., Chamow, S., Ashkenazi. A ., and MacDonald, T. A p55 TNF 
receptor immunoadhesin prevents T cell mediated intestinal injury by inhibiting 
matrix metalloproteinase production, J. Immunol 160, 4098-4103 (1998). 

47. Pitti, R.j Marsters, S., Lawrence, D., Roy, Kischkel, F., M., Dowd, P., Huang, A., 
Donahue, C, Sherwood, S., Baldwin, D., Godowski, P., Wood, W., Gumey, A., 
Hillan, K., Cohen, R., Goddard, A., Botstein, D., and Ashkenazl A. Genomic 
amplification of a decoy receptor for Fas ligand in lung and colon cancer. Nature 
396,699-703(1998). 

48. Mori, S., Marakami-Mori, K., Nakamura, S., Ashkenazi, A ., and Bonavida, B. 
Sensitization of AIDS Kaposi's sarcoma cells to Apo-2 ligand-induced apoptosis 
by actinomycinD. J. Immunol 162, 5616-5623 (1999). 

49. Guriiey, A. Marsters, S., Huang, A., Pitti, R., Mark, M;, Baldwin, D., Gray, A., 
Dowd, P., Brush, J., Heldeiis, S., Schow, P., Goddard, A., Wood, W., Baker, K., 
Godowski. P.. and Ashkenazi, A. Identification of a new member of the tumor 
necrosis fatctor family and its receptor, a human ortholog of mouse GITR. Curr. 
Biol 9, 215-218 (1999). 
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50. Ashkenazi, A ., Pai, R., Fong, s., Leung, S., Lawrence, D., Marsters, S., Blackie, 
C, Chang, L., McMurtrey, A., Hebert, A., DeForge, L., Khoumenis, L, Lewis, D., 
Harris, L., Bussiere, J,, Koeppen, H., Shahrokh, Z., and Schwall, R. Safety and 
anti-tumor activity of recombinant soluble Apo2 ligand. J. Clin. Invest 104, 155- 
162(1999). 

51. Chuntharapai, A., Gibbs, V., Lu, J., Ow, A., Marsters, S., Ashkenazi, A., De Vos, 
A., Kim, K. J. Determination of residues involved in ligand binding and signal 
transmission in the human EFN-ct receptor 2. J. Immunol. 163, 766-773 (1999). 

52. Johnsen, A.-C, Haux, L, Steinkjer, B., Nonstad, U., Egeberg, K., Sundan, A., 
Ashkenazi, A., land Espevik, T. Regulation of Apo2L/TRAIL expression in NK 
cells - involvement in NK cell-mediated cytotoxicity. Cytokine 1 1 , 664-672 
(1999). 

53. Roth, W., Isenmann, S., Naumann, U., Kugler, S., Bahr, M., Dichgans, 
Ashkenazi, A., arid Weller, M. Eradication of intracranial human malignant 
glioma xenografts by Apo2L/TRAIL. Biochem. Biophys. Res. Commun. 265, 479- 
483(1999). 

54. Hymowitz, S.G., Christinger, H.W., Fuh, G., Ultsch, M., O'Connell, M., Kelley, 
R.F., Ashkenazi, A. and de Vos, A.M. Triggering Cell Death: The Crystal 
Structure of Apo2L/TRAIL in a Complex with Death Receptor 5. Molec. Cell 4, 
563-571 (1999). 

55. Hymowitz, S.G., O'Connel, M.P., Utsch, M.H., Hurst, A., Totpal, K., Ashkenazi, 
A., de Vos, A.M., Kelley, R.F. A unique zinc-binding site revealed by a high- 
resolution X-ray structure of homotrimeric Apo2L/TRAIL. Biochemistry 39, 633- 
640(2000). 

56. Zhou, Q., Fukushirha, P., DeGraff, W., Mitchell, J.B., Stetler-Stevenson, M., 
Ashkenazi, A., and Steeg, P.S. Radiation and the Apo2L/TRAIL apoptotic 
pathway preferentially inhibit the colonization of premalignant human breast 
cancer cells overexpressing cyclin Dl. Cancer Res. 60, 261 1-2615 (2000). 

57. Kischkel, F.C., Lawrence, D. A., Chuntharapai, A., Schow, P., Kim, J., and 
Ashkenazi, A. Apo2I/TRAIL-dependent recruitment of endogenous FADD and 
Caspase-8 to death receptors 4 and 5. Immunity 12, 61 1-620 (2000). 

58. Yan, M., Marsters, S.A., Grewal, IS., Wang, H., * Ashkenazi, A., and *Dixit, 
V.M. Identification of a receptor for BlyS demonstrates a crucial role in humoral 
immunity. Nature Immunol 1,37-41(2000). 
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59. Marsters, S. A., Yan, M., Pitti, R.M., Haas, P.E., Dixit, V.M., and Ashkenazi. A. 
Interaction of the TNF homologies BLyS and APRIL with the TNF receptor 
hdmologues BCMA and TACL Curr. Biol. 10, 785-788 (2000). 

60. Kischkel. F.C.. and Ashkenazi. A . Combining enhanced metabolic labeling with 
immune-blotting to detect interactions of endogenous cellular proteins. 
Biotechniques 29, 506-512 (2000). 

61. Lawrence, D., Shahrokh, Z., Marsters, S., Achilles, K, Shih, D. Mounho, B., 
Hillan, K, Totpal, K. DeForge, L., Schow, P., Hooley, J., Sherwood, S., Pai, R., 
Leung, S., Khan, L., Gliniak, B., Bussiere, J., Smith, C, Strom, S., Kelley, S., 
Fox, J., Thomas, D., and Ashkenazi. A. Differential hepatocyte toxicity of 
recombinant Apo2L/TRAIL versions. Nature Med. 7, 383-385 (2001). 

62. Chuntharapai, A., Dodge, K., Grimmer, K., Schroeder, K., Martsters, S.A., 
Koeppen, H., Ashkenazi. A ., and Kim, K.J. Isotype-dependent inhibition of 
tumor growth in vivo by monoclonal antibodies to death receptor 4. J. Immunol. 

. , /■ 166,4891-4898(2001). 

63. Pollack, I.F., Erff, M., and Ashkenazi. A . Direct stimulation of apoptotic 
signaling by soluble Apo2L/tumor necrosis factor-related apoptosis-inducing 
ligand leads to selective killing of glioma cells. Clin. Cancer Res. 7, 1362-1369 
(2001). 

64. Wang, H., Marsters, S. A., Baker, T., Chan, B., Lee, W.P., Fu, L., Tumas, D., Yan, 
M., Dixit, V.M., * Ashkenazi. A ., and *Grewal, LS. TACI-ligand interactions are 
required for T cell activation and collagen-induced arthritis in mice. Nature 
Immunol. 2, 632-637 (2001). 

65. Kischkel, F.C., Lawrence, D. A., Tinel, A., Virmani, A., Schow, P., Gazdar, A., 
Blenis, J., Arnott. D.« arid Ashkenazi. A . Death receptor recruitment of 
endogenous caspase-10 and apoptosis initiation in the absence of caspase-8. ^ 
Biol. Chem. 276, 46639-46646 (2001). 

66. LeBlanc, H., Lawrence, D.A., Varfolorrieev, E., Totpal, K.* Morlan, J., Schow, P.; 
Fong, S., Schwall, R., Sinicropi, D., and Ashkenazi. A T umor cell resistance to 
death receptor induced apoptosis through mutational inactivation of the 
proapoptotitc Bcl-2 homolog Bax. Nature Med. 8, 274-281 (2002). 

67. Miller, K., Meng, G., Liu, J., Hurst, A., Hsei, V., Wong, W-L., Ekert, R., 
Lawrence, D., Sherwood, S., DeForge, L., Gaudreault., Keller, G., Sliwkowski, 
M., Ashkenazi. A ., and Presta, L. Design, Construction, and analyses of 
multivalent antibodies. J. Immunol. 170, 4854-4861 (2003). 
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68. Varfolomeev, E., Kischkel, F., Martin, F., Wanh, H., Lawrence, D., Olsson, C, 
Tom, L., Eriekson, S., French, D., Schow, P., Grewal, I. and Ashkenazu A. 
Immune system development in APRIL knockout mice. Submitted. 

Review articles: 

1. Ashkenazi, A.. Peralta, E., Winslow, J., Ramachandran, J., and Capon, D., J. 
Functional role of muscarinic acetylcholine receptor subtype diversity. Cold 
Spring Harbor Symposium on Quantitative Biology. Lin, 263-272 (1988). 

2. Ashkehazi, A .« Peralta, E.* Winslow, J., Ramachandran, J., and Capon, D. 
Functional diversity of muscarinic receptor subtypes in cellular signal 
transduction and growth. Trends Pharmacol Sou Dec Supplement, 12-21 (1989). 

3. Chamow, S., Duliege, A., Ammann, A., Kahn, L, Allen, D., Eichberg, J., Byrn, 
R., Capon, D., Ward, R., and Ashkenazi. A . CD4 immunoadhesins in anti-HIV 
therapy: new developments. Int. J. Cancer Supplement 7, 69-72 (1992). 

4. Ashkenazi^A., Capon, and D. Ward, R. Immunoadhesins. Int. Rev. Immunol 10, 
217-225(1993). , 

5. Ashkenazu A ., and Peralta, E. Muscarinic Receptors. In Handbook of Receptors 
and Channels. (S. Peroutka, ed.), CRC Press, Boca Raton, Vol. I, p. 1-27, (1994). 
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1 . Resistance of primary HIV isolates to CD4 is independent of CD4-gp 1 20 binding 
affinity. UCSD Symposium, HIV Disease: Pathogenesis and Therapy. 
Greenelefe, FL, March 1991. 

2. Use of immuno-hybrids to extend the half-life of receptors. IBC conference on 
Biopharmaceutical Halflife Extension. New Orleans, LA, June 1992. 

3. Results with TNF receptor Immunoadhesins for the Treatment of Sepsis. IBC 
conference on Endotoxemia and Sepsis. Philadelphia, PA, June 1992. 

4. Immunoadhesins: an alternative to human antibodies. IBC conference on 
Antibody Engineering. San Diego, CA, December 1993. 

5. Tumor necrosis factor receptor: a potential therapeutic for human septic shock. 
American Society for Microbiology Meeting, Atlanta, GA, May 1993. 

6. Protective efficiacy of TNF receptor immunoadhesin vs anti-TNF monoclonal 
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7. Interferon-y signals via a multisubunit receptor complex that contains two types of 
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9. Apo-2 Ligand, a new member of the TNF family that induces apoptosis in tumor 
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10. Induction of apoptosis by Apo2 Ligand. American Society for Biochemistry and 
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52. Apoptosis control by Apo2L/TRAIL. (Keynote Address) University of Alabama 
Cancer Center Retreat, Birmingham, Ab. October 2002. 

53. Apoptbsis signaling by Apo2L/TRAIL. (Session co-chair) TNF international 
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I, Paul Polakis, Ph.D. 3 declare and say as follows: 

1 . I was awarded a Ph.D. by the Department of Biochemistry of the Michigan 
State University in 1984. My scientific Curriculum Vitae is attached to and forms 
part of this Declaration (Exhibit A). 

2. I am currently employed by Genentech, Inc. where my job title is Staff 
Scientist. Since joining Genentech in 1999, one of my primary responsibilities has 
been leading Genentech's Tumor Antigen Project, which is a large research project 
with a primary focus on identifying tumor cell markers that find use as targets for 
both the diagnosis and treatment of cancer in humans. 

3. As part of the Tumor Antigen Project, my laboratory has been analyzing 
differential expression of various genes in tumor cells relative to normal cells. 
The purpose of this research is to identify proteins that are abundantly expressed 
on certain tumor cells and that are either (i) not expressed, or (ii) expressed at 
lower levels, on corresponding normal cells. We call such differentially expressed 
proteins "tumor antigen proteins". When such a tumor antigen protein is 
identified, one can produce an antibody that recognizes and binds to that protein. 
Such an antibody finds use in the diagnosis of human cancer and may ultimately 
serve as an effective therapeutic in the treatment of human cancer. 

4. In the course of the research conducted by Genentech's Tumor Antigen 
Project, we have employed a variety of scientific techniques for detecting and 
studying differential gene expression in human tumor cells relative to normal cells, 
at genomic DNA, mRNA and protein levels. An important example of one such 
technique is the well known and widely used technique of microarray analysis 
which has proven to be extremely usefiil for the identification of mRNA molecules 
that are differentially expressed in one tissue or cell type relative to another. In the 
course of our research using microarray analysis, we have identified 
approximately 200 gene transcripts that are present in human tumor cells at 
significantly higher levels than in corresponding normal human cells. To date, we 
have generated antibodies that bind to about 30 of the tumor antigen proteins 
expressed from these differentially expressed gene transcripts and have used these 
antibodies to quantitatively determine the level of production of these tumor 
antigen proteins in both human cancer cells and corresponding normal cells. We 
have then compared the levels of mRNA and protein in both the tumor and normal 
cells analyzed. 

5. From the mRNA and protein expression analyses described in paragraph 4 
above, we have observed that there is a strong correlation between changes in the 
level of mRNA present in any particular cell type and the level of protein 



expressed from that mRNA in that cell type. In approximately 80% of our 
observations we have found that increases in the level of a particular mRNA 
correlates with changes in the level of protein expressed from that mRNA when 
human tumor cells are compared with their corresponding normal cells. 

6. Based upon my own experience accumulated in more than 20 years of 
research, including the data discussed in paragraphs 4 and 5 above and my 
knowledge of the relevant scientific literature, it is my considered scientific 
opinion that for human genes, an increased level of mRNA in a tumor cell relative t 
to a normal cell typically correlates to a similar increase in abundance of the 
encoded protein in the tumor cell relative to the normal cell. In fact, it remains a 
central dogma in molecular biology that increased mRNA levels are predictive of 
corresponding increased levels of the encoded protein. While there have been 
published reports of genes for which such a correlation does not exist, it is my 
opinion that such reports are exceptions to the commonly understood general rule 
that increased mRNA levels are predictive of corresponding increased levels of the 
encoded protein. 

7. I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information or belief are believed to be true, 
and further that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of Title 18 of the United States Code and that such willful 
statements may jeopardize the validity of the application or any patent issued 
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I, Audrey D. Goddard, Ph.D. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1 993 and 200 1 , 1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3 . My scientific Curriculum Vitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 



Sir: 



Serial No.: * 
Filed: * 



4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PGR (i.e., 
"gene amplification") assay described in the above captioned patent applicatioa 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et al, Biotechnology 10:413-417 (1992) (Exhibit B); Livak et al, PCR 
Methods AppI.. 4:357-362 (1995) (Exhibit C> and Heid et al, Genome Res. 6:986-994 (1996) - 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. * 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et al., Proc. 
Natl. Acad. Sci. USA 95(25): 147 17- 14722 (1998) (Exhibit E); Pitti et aL Nature 
396(6712):699-703 (1998) (Exhibit F) and Bieche et al, Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et al have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et al studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et al used the assay to study gene amplification in breast cancer. 
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7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

8. I declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 

Da *e Audrey D. Goddard, Ph.D. 



-3- 



AUDREY D. GODDARD, Ph.D. 



Genentech, Inc. 
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110 Congo St 

San Francisco, CA, 94131 

415.841.9154 

415.819.2247 (mobile) 

agoddard@pacbell.net 



PROFESSIONAL EXPERIENCE 

Genentech, Inc. 1993-present 
South San Francisco, CA 

2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 
diagnostics 

• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 1 1 Subteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 



1998-2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist, senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility. 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 
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1993-1998 



Scientist 



Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification. 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1 989-1 992 

London, UK with Dr. Ellen Solomon 

6/89-12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocytic leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 

McMaster University 1983 
Hamilton, Ontario, Canada with Dr. G. D. Sweeney 

5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 



Ph.D. 



University of Toronto 
Toronto, Ontario, Canada. 
Department of Medical 
Biophysics. 



"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 



1989 



Honours B.Sc 

"The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BL/6J mice." 
Supervisor: Dr. G. D. Sweeney 



McMaster University, 
Hamilton, Ontario, Canada. 
Department of Biochemistry 



1983 



r i 
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ACADEMIC AWARDS 

Imperial Cancer Research Fund Postdoctoral Fellowship 1989-1992 

Medical Research Council Studentship 1 983-1 988 

NSERC Undergraduate Summer Research Award 1983 

Society of Chemical Industry Merit Award (Hons. Biochem.) 1983 

Dr. Harry Lyman Hooker Scholarship 1 981 -1 983 

J.L.W. Gill Scholarship 1981-1982 

Business and Professional Women's Club Scholarship 1 980-1 981 

Wyerhauser Foundation Scholarship 1 979-1 980 



INVITED PRESENTATIONS 

GenenteclYs gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL, USA. February 
2000 

Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocytic leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 
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PATENTS 

Goddard A, Godowski PJ, Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6,455,496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL. NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6,426,218. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hillan KJ, Botstein D, Goddard A, Roy M t Ferrara N f Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL, Napier MA, Tumas D, Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6,410,708. Date of Patent:: 
Jun.25, 2002. 

Botstein DA, Cohen RL, Goddard AD, Gurney AL, Hillan KJ, Lawrence DA, Levine AJ, 
Pennica D, Roy MA and Wood WL WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16, 2002. 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350,450. Date of Patent: Feb. 26, 2002. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351 . Date of Patent: 
Feb. 19,2002. 

Goddard A, Godowski PJ and Gurney AL. Ligand homologues. Patent Number: 6,348,350. 
Date of Patent: Feb. 19, 2002. 

Attie KM, Carlsson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone insensitivity syndrome. Patent Number: 6,207,640. Date of Patent: March 27, 
2001. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,113. Date of Patent: July 8, 1997 

Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D, Dowd P ( Gu Q, Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A, Grigorescu F, Lautier C, Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie, M-H, Foster J, Frantz G, Stinson J, Corpuz RT, Simmons L, Hillan K, 
Yansura DG, Vandlen RL, Goddard AD and Gurney AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL, Yu XX, Goddard AD, Grimaldi JC, Lee J, Dowd P, Colman 
S M Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 135-142. 

Lee J. Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood Wl. Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17Rh1. Journal of Biological Chemistry 276(2): 1660-1664. 

Xie M-H, Aggarwal S, Ho W-H, Foster J, Zhang Z, Stinson J, Wood Wl, Goddard AD and 
Gurney AL. (2000) Interleukin (IL)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK, Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. Sci. USA 97: 
8950-8954. 

Guo S f Yamaguchi Y, Schilbach S, Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development. Nature 408: 366-369. 

Yan M, Wang L-C, Hymowitz SG, Schilbach S, Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murone, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell Sci. 112: 4437- 
4448. 

Xie M-H, Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K, Goddard A and Gurney, A.L. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 1 1 : 729-735. 
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Yan M, Lee J, Schilbach S, Goddard A and Dixit V. (1999) mE10, a novel caspase 
recruitment domain-containing proapoptotic molecule. J. Biol. Chem. 274(15): 10287-10292. 

Gurney AL, Marsters SA, Huang RM, Pitti RM, Mark DT, Baldwin DT, Gray AM, Dowd P, 
Brush J, Heldens S, Schow P, Goddard AD, Wood Wl, Baker KP, Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 215-218. 

Ridgway JBB, Ng E, Kern JA ,Lee J, Brush J, Goddard A and Carter P. (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Cancer Research 59: 2718-2723. 

Pitti RM, Marsters SA, Lawrence DA, Roy M, Kischkel FC, Dowd P, Huang A, Donahue CJ, 
Sherwood SW, Baldwin DT, Godowski PJ, Wood Wl, Gurney AL, Hillan KJ, Cohen RL, 
Goddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(6712): 699-703. 

Pennica D, Swanson TA, Welsh JW, Roy MA, Lawrence DA, Lee J, Brush J, Taneyhill LA, 
Deuel B, Lew M, Watanabe C, Cohen RL, Melhem MF, Finley GG, Quirke P, Goddard AD, 
Hillan KJ, Gurney AL, Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors. Proc. Natl. Acad. Sci. USA. 95(25): 14717- 
14722. 

Yang RB, Mark MR, Gray A, Huang A, Xie MH, Zhang M, Goddard A, Wood Wl, Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysaccharide-induced cellular 
signalling. A/aft/re 395(6699): 284-288. 

Merchant AM, Zhu Z, Yuan JQ, Goddard A, Adams CW, Presta LG and Carter P. (1998) An 
efficient route to human bispecific IgG. Nature Biotechnology 16(7): 677-681 . 

Marsters SA, Sheridan JP, Pitti RM, Brush J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9): 
525-528. 

Xie J, Murone M, Luoh SM, Ryan A, Gu Q, Zhang C, Bonifas JM, Lam CW, Hynes M, 
Goddard A, Rosenthal A, Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 
mutations in sporadic basal-cell carcinoma. Nature. 391(6662): 90-92. 

Marsters SA, Sheridan JP, Pitti RM, Huang A, Skubatch M, Baldwin D, Yuan J, Gurney A, 
Goddard AD, Godowski P and Ashkenazi A. (1997) A novel receptor for Apo2L/TRAIL 
contains a truncated death domain. Current Biology. 7(12): 1003-1006. 

Hynes M, Stone DM, Dowd M, Pitts-Meek S, Goddard A, Gurney A and Rosenthal A. (1997) 
Control of cell pattern in the neural tube by the zinc finger transcription factor G/M. Neuron 
19:15-26. 

Sheridan JP, Marsters SA, Pitti RM, Gurney A., Skubatch M, Baldwin D, Ramakrishnan L, 
Gray CL, Baker K, Wood Wl, Goddard AD, Godowski P, and Ashkenazi A. (1997) Control of 
TRAIL-lnduced Apoptosis by a Family of Signaling and Decoy Receptors. Science 277 
(5327): 818-821. 
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Goddard AD, Dowd P, Chernausek S, Geffner M, Gertner J, Hintz R, Hopwood N, Kaplan S, 
Plotnick L, Rogol A, Rosenfield R, Saenger P, Mauras N, Hershkopf R, Angulo M and Attie, K. 
(1997) Partial growth hormone insensitivity: The role of growth hormone receptor mutations in 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth J, LSvak, Susan J.A- Flood, Jeffrey Marrrutro, William Gtusti, and Karin Deetz 
Perkln-£lmer, Applied IMwystems Division, Hotter City, California 94404 



; The 5' nuefte«Mi PCft mtxmy d at net* tha 

< Accumulation of specific PCR product 
* by hybridization nnd cleavage of a 

double-labeled fluoro^ertlc probe 
during the amplification reaction* 
The probe Is an oligonucleotide with 
■ both a r«port«r fluorescent dye and a 
quencher dye attached. An Increase 
In reporter fluorescence Intensity In* 
dlcates that the probe has hybridized 
to the target PCR product and h«» 

< been cleaved by the 5* nucle- 
olyilc activity of Too DNA polymerase. 
In CM* study, probes with the 

• (IMenchcr dy* attached to on Internal 
nucleotide were compared with 
probe* with the quencher dye at- 
tached to the 3'-end nucleotide. In all 

1 aim, the reporter dye was attached 
to the 5' end. All Intact probes 
showed quenching of the reporter 
fluorescence. In general, probes with 

* the quencher dye attached to the 3 - 
end nucleotide exhibited a lorgor sig- 
nal In the 5' nuclease PCR assay than 
the internally labeled probes* It Is 
proposed that the larger signal I* 
caused by Increased likelihood »f 
cleavage by Taq DNA polymerase 
when the probe Is hybridized to a 
template strand during PCR. Probes 
with the quencher dye Attached to 
the 3 '-end nucleotide also exhibited 
an increase In reporter fluoraseenco 
Inientlty when ttybrldlxed to a com- 
plementary strand. Thu*, oligonucle- 
otides with reporter and quencher 
dyes attached at opposite ends con 
be used as homogeneous hybrldlzo- 

210® 



#*% homogeneous assay for detecting 
the Mtvuinu latlon of specific PCJR prod- 
uct that uses a double-labeled fluoro- 
genie probe was described by Leu et ah {1) 
The assay exploits the 5' • > 3' nuclts 
olyilc activity of Taq ONA poly- 
meiuM?* 7 -** uriU h diagramed in 1'lgute 1. 
The fluoiogenlc probe consist? of an oli- 
gonucleotide u>iih reporter flu orescent 
dye, >uUi as a fluorescein, attached to 
the 5' md; and a quencher dye, such as a 
rhodaminc, Attached internally. When 
the fluorescein is excited by irradiation, 
Its fluorescent omission will be 
quenched if the iliudaiuiuc h close 
enough to be excited through the pro- 
cess of fluorescence energy transler 
(MT). H During PCR, If the probe is hy~ 
hridized to a template slimul, Taq DNA 
polymerase will cleave the probe be- 
cause of its inherent 5' «* 3' nucJeolytic 
activity. If the cleavage occurs between 
UlC fluorescein and rhOdamlnc dyes, it 
cause* an increase in fluorescein fluores- 
cence intensity because the fluorescein 
h no longer quenched. The increase in 
fluorescein fluorescence intensity indi* 
t-alcN thut the probe-specific KIR product 
has htren generated. Thus, FET between t» 
icpujttj dye and a quencher dye is criti- 
cal to the performance of the piube lu 
the S f uutltrdac I*OR away. 

Quenching is completely dcpcndenl 
on the physical proximity of the two 
dyes/' 0 Because of this, it has Ihhih us* 
Mimed that the Quencher dye mu»l be 
attached neai the 5' end. Surprisingly, 

we have found thai attaching a rho- 
damiue dye ol the 3' end of a piuln: 



PCR assay. lUMhcfmorc, cleavage of lhl$ 
type of probe is not required to achieve 
some reduction In quenching*. Oligonu- 
cleotides with a reporter dye on the V 
end and a quencher dye on the 3' end 
exhibit a much higher reporter fluores- 
cence when double-stranded as com* 
pared with single-stranded. This should 
make it possible to use this type of dou- 
ble. labeled probe for homogeneous de- 
tection of nucleic acid Hybridization. 



MATERIALS AND METHODS 
Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used In this 
Study. Linker arm nucleotide (LAN) 
phosphoramiditc was obtained from 
Glen Research. The standard DNA phos- 
phominiditcs, 6-earhojcyfluorcscein (6* 
FAM) phosphorainidite, n-carboxytet* 
ramcthylrhodamlnc sucdtiimidy) ester 
(TAMRA NHS ester), and Pbosphalink 
for attaching a 3'-bJocktng phosphate, 
were obtained from Hc.rkln-£lmer, Ap- 
plied Biosystems Division. Oligonucle- 
otide synthesis was performed using an 
ABI model 594 frNA synthesiser (.Applied 
Blusystems). Primer and complement 
oligonucleotides were purified using 
Ollgu Purification Cartridges (Applied 
Biosystems). Dim ule-lul»ele.d probes were 
»yrithoire\t wltil o-l*AM»labeled phov 
pltuidixifdUt: at the 5* ttrtd, IAN replacing 
om; 4>f the Ts In the sequence, and I'hos- 
phalinfc m the 3* end, Following de- 
prtitectlon ami ethanol pmlpltatlon» 
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NGUR£ 1 Diagram of 5' nuclease assay. Stepwise representation of itie 5' -» 3' niideolytk- ac- 
tivity of 7toj UNA polymerase acting on a fluoiugcnic probe during one extension phase of /'^K. 



niM Na-blcarbonatc buffer (pU 9.0) at 
room temperature, Unrcacicd dye was 

icmuvtn] by paa&agc ovei a PD-10 Sephtf* 

dex eolumn. Plnally, Iho double-labeled 
probe was purified by preparative high- 
performance liquid chromatography 
(UPUy using an Aquaporc C M 220*4.6- 
mm column with 7^m particle sise. The 
column wm developed with a 24'mln 
linear gradient of $-20% acctonitrik* in 
0.) m TEAA (rriethylomlnc acetate). 
Probes are named by designating the se- 
quence from Table 1 and the position of 
the 1AN-TAMRA moiety. Vor example, 
probe Al-7 ha* sequence Al with fAN- 
TAMKA at nucleotide portion 7 from the 
5' end. 



AH i*CR amplifications were performed 
in the Perkin-EJmor CcneAmp PCR Sys- 
tem 9600 using SO-jU reactions thai con- 
tained 10 mM TtJs-HCJ (pH 8.3), 50 iiim 
KC1, 200 fiM dATp, 200 \lm dClV, 200 ju* 
<\C*TP, 400 m-m dUTP, 0.5 unit of AinpEr- 
ase uracil N-glycosylase (Pctkin»Elmer), 



gene (nucleotides 2141-2435 in the se- 
quence of Naka|lma-ll|lma ct al,) t71 vros 
amplified using uiimer* AFP and ARP 
(Table 1), which are modified slightly 
from those of du Brcull et a!, (ft> Actln am- 
plification reactions contained 4 niM 
MgC)^ 20 ng of human genomic UNA, 
50 nM Al or A3 probe, and 300 nM each 



TABLE 1 Sequences of Oligonucleotides 



primer. The thermal regimen was S0 u C 
(2 mln), 05T (10 mln), 40 cycles of 
(20 aec), eo°C (1 mln), and hold at 72*0. 
A 51 5- Dp segment wax amplified from a 
plasmid that consists oi a segment ol X 
DNA (miclcotideei 32, £20-3?., 747) in- 
serted in the Smal site of vector pUCl 19. 
Hifiv rcaetloijs w>utuim:d 3.5 him 
Mg< :\ 2t 1 ng of plttsmid DMA, 50 nM P2 or 
PS probe, 200 nM primer ¥\l9 t and 200 
um piiinei R119. The thermal regimen 
Was WC (2 min), V5*C (10 mln), 25 cy- 
cle* Of 9$"C (20 sec), 57%: () mln), ami 
hold at 72 6 C 



P\unr*%cencr. Detection 

For each amplification reaction, a 40-ul 
aliquot of a sample was transferred to an 
Individual well of a white, WLw<o1 micro* 

titer plate (Perkin-Ulmer). Fluorescence 
was measured on the 4»crkln-Eimcr Taq- 
Man L5-50U System, which consists of a 
luminescence spectrometer with plate 
reader assembly, a 4B5-nm excitation fll» 
ter, and a S16*nm emission filler. Excita* 
tion was at 4&fE nm using a 5*nm slit 
width. Emission was measured at 518 

nm for 6-VAM (the. reporter or H value) 
and Aft2 nm for TAMIlA (the quencher or 
Q value) using a lCnm slU width. To 
determine the metcast- in icpwiiet emis- 
sion that H caused by cleavage of tbe 
probe during PGR, three normalization* 
aie applied to the raw emL\*kjii data. 
First, emission Lmcnsity of a buffei blank 
is subtracted for each wavelength. Sec- 
ond, emission intensity of the: reporter is 



Name 


'iyi>e 


SequCTlCf. 


Ft 19 


primer 


ACCCACA<5GAACTC;Al CACCACTC 


HU9 


prlmvT 


ATOixxicorr ccxxscrcAcxmoi c;c 




probi* 


1 <XK^VSACI'OA'lXX*^nx;CCAACCAClp 


3»2C: 


complement 


CTACrCGrrCCCAACX;ATGA<rrAATCCCA*lt3 


rs 


probe 


CUOAJTlGClXiOTAlXJlATX^U^ACCA-IV 


P5C 


comploniciu 


TITATCXriTCTEXXrAC^TAiX^OC^ 


AW 


primer 


TC\CCCACACTGTGCCCATCTACOA 


Attr 


primer 


CACKXrXIA At X XiCI t^ 1* IXKXAftTOG 


Al 


probe 






complcintfnl 


Ac^txu»tit;A7t:<:c^'ixK:c:c:(;At.u:(K^rAC 


A3 


piol>e 


CGC<xn-6GACl'rCCA0CAACA0Ali. 


A3r 


eunipletneut 


COATTTIY^TTGCTCQAAGTCCAGOGCGAC 



Tor each oligonucleotide used In tills study, the nucleic add scqucna* in given, written in (he 
S* » y tHiyctiou, Theie are 0>r«r types of uligunucleotides; TCR pilmer« iluorogenic probe used 
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A 1-2 6 Jbv<i<;cc<rs<;^^v/<iC:ftM^^ooOp 



Prob* 


518 


nm 


682 nm 


no- 








nA tMHp. 


< t*mr>. 


no tonifx 


4 t*mp. 










55 5 i 2.1 


32.7* 1.0 


38.3 it 3.0 


36-0 4 fi.O 


0^7*0.01 


o.eflj 0.06 


o.iosio.oa 




03 C 4 4.3 


306.1 * 21,4 




1103^5.3 


040* 0.03 


3.$8*0.17 




AM 4 


1270*4.9 


403.S* td.1 


100,718.3 




i.teio.02 


4.3410.IS 


3.18*0,1$ 






lap.Trf 7.7 


70,3 * 7.4 


9,0 


3.67 J 0.06 


6.00*0,16 


9.13 d 0,16 


A1-22 


224.G d 0,4 




100,0 ±4.0 


06.C10.C 


&££ a 0.03 


5.0210,11 


£.77.10.12 


A1-26 


I60£ J 0.9 















flCURE 2 Results of 5' duclroor nwy i om^/mfc p-atun probe* with TAMRA «t different micje 
otiitfe positions. As described In Materials and Methods, WJt amplification* containing the in- 
dicated probes were performed, and the fJwvesranc** emission was measured at 518 and 582 nm. 
Reported values are the average*! s.o. for six reactions mn without added template (no temp.) 
anil six reactions run with template ( I temp,)- The KQ ratio was calculated (or each individual 
reaction and averaged to give the reported RQ" and MQ 1 values. 



QiviUeU by the emission intensity of Hit; 
quencher to give an RQ ratio for each 
reaction tube. Tills normalizes for well- 
to- wen variations in probe concentra- 
tion and fluorescence measurement. l ? t- 
* nally, ARQ is calculated by subtracting 
mc KQ value of the no-template control 
(RQ") from the RQ value fur the 
pictc reaction including template 
(RQ'). 

RESULTS 

A series of probes with increasing dis- 
tances between the fluorescein rcponei 
and rhodamtnc quencher were tested to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance in the 5' nuclease I'CK as- 
say, Tnese probes hybridize to a target 



.sequence in the human p -act in gene, 
ftguic 2 shows the results of an experi- 
ment in which these probes were In- 
cluded in PGR thai amplified a segment 
of the p-mlin gr.itti containing the Uigct 
sequence Peifoiiiiance hi the 5 J nu- 
clease PGR assay Is monitored by the 
mo$nfmdc of AKQ, which Isa measure 
of the Increase In reporter fluorescence 
caused by PGR amplification of the 
probe target, Probe Al-2 ha* a ARQ value 
that is close to r.en>, indicating that the 
probe was not cleaved appreciably dur- 
ing the ainpllflcaUuu reaction. Thfo sug- 
KcsU that with the quencher dye on the 
second nucleotide from the, end, there 
is insufficient khiiii fat Tay polymerase 
to cleave efficiently between the reporter 
and quvnchei, The other five probes ex- 
hibited comparable AKQ values thai are 



clearly different from zero. Thus, all five 
probes are befog cleaved during K:U am- 
piifJuttlon icSuhiiig hi a similar Increase 
111 importer fluorescence. It should be 
noted that complete digestion of a probe 
produces a much larger increase in re- 
porter fluorescence than that observed 
In Figure 2 (data not shown). Titus, even 
In reactions where amplification occur*, 
the. majority of probe molecules remain 
uitclcaved. it is mainly for this reason 
that the fluorescence Intensity of the 
quencher dye TAMRA changes little with 
amplification nf the targej. This Is whal 

allows US to use the 682*nm fluore.%cc.nre 
reading as a normalisation factor. 

The magnihinV nf RQ" drp<»nri* 
mainly on the quenching efficiency in- 
herrnr in the. spt^jtic .structure oi the 
probe and the purity of the oligonucle 
otide. Thus, the larger HQ" values Indi- 
cate that probes AM4, AJ -19, Al-22, and 
Al-26 probably have reduced quenching 
as compared with Al-7, Still, the degree 
of quenching Is sufficient to detect a 
highly significant Increase In reporter 
fluorescence when each of these probe* 
ia cleaved during PCR. 

To further investigate the ability of 
TAMRA on the 3' end to quench fi*PAM 
on the 5' end, three additional pairs of 
probC5 were tested in the 5' nuclease 
PGR aisay. Foe each pah, one probe has 
TAMRA attached to an internal nuclc* 
ollUe and the uthei has TAMRA attached 
to the y end nucleotide, The results arc 
shown In Table 2. for all three sets, the 
probe with the 3 # quencher exhibits u 
4RQ value that is tvnsiUerably Jii&hei 
than for Uie probe with the internal 
quencher. The RQ' values suggest that 
differences in quenching arc not «s gnuit 
as those observed with some of the Al 
probes. Theae results demonstrate that 0 
quencher dye on the 3' end of an oligo- 
nucleotide can quench efficiently the 
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TABLE 2 Results of S' Nuclease Assay Comparing Probes wltli TAMRA Attached to ah Internal or 3' -term in ul Nucleotide 



x; 






618 nm 




MiZ nm 










Trobe 


no temp. 


+ temp. 


lit) U*iup. 


4 temp. 


HQ 


RQ 4 




A'.: 


, A3-6 
A3-24 


54.6 2. 3,? 
7ZA * Z9 


84.b z :u 

236*5 i 1 1.1 


116,2 a. 6.4 
B4.2*4.0 


90.2 x 3,8 


0.47 a. 0.02 
0.86 J. 0.02 


0.73 ± 0,03 
2.62 ± 0.05 


0M> ± 0M 
1.76^0,05 


the 


17-7 
1*2-27 


62.8 ± 4.4 
113.4 2:6,6 


384.01 34.1 
SA&A ± 14-1 


X 6.4 
140.7 + 8,3 


120.4 =f 10.Z 
118.7 2:4.8 


0.79 J- 0,02 

a8i ±0.01 


3.10 * ai6 
4.68 i 010 


2.40 0,K. 
3.88 7 0.10 


;ed 
the 


I'S-IO 
P5-28 


77*5 ± 6-S 
i 5.2 


244.4 x 15.^ 
333.6 ± 12.1 


86.7 i. 4.3 
100.6^6.1 


6.7 

94.7 £ 6.3 


0.8V * i)M 
063 ± 0.02 


2^5* 0.06 
3.53^:0.12 


\M a 0.08 
289 i 0.13 



. *-* — t-^ir^*^ mine? onrt rabnitAiinns were nerformcd us described In Material *t*d Methods and in the legend to Wg. 2, 
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fluor*sr*nrr of a reporter dye on the S 1 
end. The degree of quenching Is Suffi* 
cienl fur On* type of oligonucleotide to 
be used as a probe in the .V nuclease PGR 
assay. 

To test the hypothesis that quenching 
by a 3' TAMRA depends on the flexibility 
of tha oligonucleotide, fluorescence was 
mcatutCHi fur probes in the Single- 
stranded and double stranded state*. T6- 
blf ;t reports Die- fluorescence observed 
at 518 and 582 nm. The relative degree 
of quenching Is assessed by calculating 
the RQ ratio, tar probes With TAMRA 
*-)0 nucleotides from the S' end, there 
is little difference in the RQ values when 
comparing sJngle-strandtid with double- 
strauded oligonucleotides, The results 
for probes with TAMfcA at the 3' end are 
much different For these probes, hy- 
bridization to a complementary strand 
causes a dramatic increase in HQ. We 
propose that this loss of quenching is 
caused by the rigid Structure of double* 
Stranded UNA, which prevents the 5' 
and 3' ends from bein^ in proximity. 

When TAMRA is placed toward the 3* 
end, there Is a marked Mg 2 ' effect on 
quenching Figure 3 shows a plot of ob- 
served RQ values for the Al series of 
probes as a function of Mg 2 "* concentra- 
tion. With TAMRA attached near the 5' 
end (proh« A 1-2 or Al-7), the RQ value at 
0 nm Mg 2 " is only Slightly higher than 
HQ at 10 ihm Mr* 1 - 1*ot probes Al-19, 
Al-22, and AU26, the RQ values at 0 mM 
Mg* 4 are very high. Indicating a much 



reduced quenching efficiency. For each 
of these probes, there h a marked de- 
crease in KQ al 1 thm Mg* * followed by 
u gradual decline as the Mg* 1 tvuecn- 
trution increases to 10 mM, 1'iuUu A1-54 
shows an intermediate RQ value at O mw 
Mg 7 * with a gradual decline at hlgncr 
Me, 7 ** coiKciilialtwus. in a low-salt en- 
vironment with no Mg^ present, a sin- 
gle-Mranded oligonucleotide would be 
expected to adopt an extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg*+ ions acu io 
shield the negative charge of the phos- 
phate backbone so that the Oligonucle- 
otide can adopt conformations where 
thft :V end is close to the 5' end. There- 
fore, the observed Mg z ' effects support 
the notion that quenching ol a 5' w 
porter dye by TAMRA at or near the 3' 
end depends on the flexibility of the oli- 
gonucleotide. 

DISCUSSION 

The striking finding of this study is that 
it seems Uk- rhodamine dye TAMRA, 
placed at any position in an oligonucle- 
otide, can quench the fluorescent emis- 
sion of a fluorescein (0-FAM) placed at 
the 5' end, This Implies that a single- 
stranded, double-labeled oligonucle- 
otide must he able to adopt conforma- 
tions where the TAMRA Is close to the 5' 
end. It should lie noted that the decay of 
6-l'AM in the excited state requires a cer- 
tain amount of time, ITierefore, what 



TABIC 3 Comparison of Plum cAcmvc Bn unions ut .siii^ic-sTrandcd and 
Doubl«*-**r*ndcd Fluorogenic l>iober* 



518 nm 



582 nm 



RQ 





89 


ds 






M 


ds 


Aiv/ 


27 J $ 


68.63 


61.08 


138.18 


0.45 


0.50 


A 1*26 


43.31 


509.38 


53.50 


93,86 


0.81 


5*43 


A3.6 


16.7S 


(ylM 


39,33 


165.57 


0.43 


0.38 


A.V24 




578,64 


67.72 


140.25 


0.45 


3.21 


n? 


35.02 


70.13 


M.e>3 


121.09 


0,64 


0.58 


1*2-27 


39.89 


320.4 7 


65.1U 


61.13 


0.61 


S.25 


l'S-10 


27.34 


144.65 


61,*5 


165.54 


0.44 


U.B7 




33.65 


4<S2.29 


9&&> 


104.6) 


0.46 


*.43 



(s$) Slngtc-stranded* lht fluorescence emissions at 538 or 582 nm for solutions containing a final 
concentration of 50 nM Indicated probe, lo mM rria-ifd (pH 8.3), 50 rim KC1. and 10 mu MgCl^ 
(ds) Dt>ubli>strandpd, -fa* solutions contained, In addition, 100 iim Alt: feu pmh<»s Al-7 and 
AJ-zo, 100 mi A3C for probes A3-6 and A3-24. 100 iim l*2< : for probes KZ^7 and I7-Z7, or 100 nM 
T5C for probes PS-lo and hcTotc inc a<KHUon Of Mx^b, J W &lI of eacti sample wast liuatcti 



mattcrn for quenching is not the avcraf 
distance between 6*l ; AM and TAMP 
but, rather, how close TAMRA can get I 
6-FAM during die lifenme Of II1C 6-FA1 
excited state. As long as the decoy time i 
the excited state is relatively long con 
pared with the molecular motions of tt 
oligonucleotide, quenching can occu 
Thus, we propose that TAMRA at the 3 
end, or any other position, can queue 
6-FAM at the 5' end because TAMRA is i 
proximity to tf.KAM often enough to t 
able to accept energy transfer from a 
excited 6-FAM. 

Details of the fluorescence measun 
ments remain pu2ding. For example, Ti 
bit 3 shows that hybridization of probe 
Al-26, A3-24, and P5-28 to their compl< 
mentary strands not only causes a larg 
increase in r>PAM fluorescence at 51 
nm but also causes a modest increase i: 
TAMRA fluorescence at 582 nm. 1 
Tamra is being excited by energy trani 
fer from quenched 6-VAM, then loss c 
quenching attributable to hybridizatloi 
should cause a decrease in the fluorc? 
cence emission of TAMRA, the fact tha 
the fluorescence emission of TAMRA in 
creases indicates that the situation i 
more complex. Kor example, we have an 
ecdoial evidence that the bases of th« 
oligonucleotide, especially Ci, quencl 
the fluorescence of both 6-FAM an< 
TAMRA to some degree. When double 
stranded, base-pairing may reduce thi 
ability of the bases to quench. Ihc pri 
niary factor causing the quenching o 
6-FAM in an intact probe is the TAMR> 
dye. Kvldence for the importance o 
TAMRA is that 6 HAM flumesutno 
rcmoln* relaiively untbon^cd whci 
probe* labeleAi only with 6-1-AM are uset 
in the 5' nuclease VCR assay (data no 
shown). Secondary effectors of fiuores 
cence, both before and afiei cleavage o 
the probe, need to be. explored further. 

Regardless of the physical mecha 
nlsm, the relative Independence of posl 
tion and quenching greatly simpltfjci 
the design of probes for the S' nuclear 
PGR assay, There are three main factor 
thai determine the performance of * 
double-labeled fluorescent probe in tlx 
5' nuclease ]>CR assay* The first factor U 
the degree of quenching otiservcd in tin 
intact probe. Tills Is characterized by tht 
value of RQ' , which Is the ratio of re- 
porter to quencher fluorescent cmis 
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FIGURE 3 Kf feel d»f Mg M concentration on RQ ratio tor the Al scries of probes. The fluorescence 
emission Intensity at S18 and 562 nm was measured for solution* containing SO n*c probe, JO mM 
Trh-HCl (pH 6.3), 50 mM KCI. and varying amount* (0-10 nut) of MgQ 2 . *Jr>e calculated UQ 
ratios (5J8 nm intensity divided hy SK2 nm ititc*mify) are pUMti'd vs, MgCl* concentration (mM 
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dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
ulhei factui* that reduce flexibility of 
the oligonucleotide, and purity of the 
probe. The second factor is the efficiency 
■ \t( hyhiidi£aUun, which depends on 
probe T m , presence of secondary struc- 
ture in probe or template, annealing 
temperature, and other reaction condi- 
tions. Hie third factor is the efficiency at 
which Taq DNA polymerase cleaves the 
bound probe between the reporter and 
quench** dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
Uie observation that mismatches in the 
segment between reporter and quencher 
dyes drastically reduce the cleavage of 
probe. 11 * 

The rise in HQ' values for the Al se- 
ries of probes seems to Indicate that the 
degree of quenching is reduced some- 
what as the quencher is placed toward 
the '$' eniL 'the lowest apparent quench' 
mg is observed for probe Al-19 (sec Fig. 
3) rather than for the probe where the 
TAMRA Is at the 5T end (A1-Z6). I his is 
understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of an Internal position. In effect, a 
quencher at the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than is an internally placed 



probe*, the interpretation of RQ values 
is less clear-cut. The A3 probes show the 
some trend as Al, with the 3' TAMRA 
piubc having a laiger RQ than the .In- 
ternal TAMRA probe. Tor the P2 pail, 
both probes have about the same RQ" 
value. Poi the PS probes, the RQ for the 
3' probe, is less than for the Internally 
labeled probe. Another factor that may 
explain some of the observed variation i* 
that purity affect? the RQ" value. Al* 
though all probes are HPLC putified, a 
small amount of contamination with 
unquenehexl reporter can have a large ef- 
fect on RQ . 

Although there may be a modest ef- 
fect on decree of quenching, the posi- 
tion of the quencher apparently um 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al*2, where place- 
ment of the TAMRA on the second nu- 
cleuWde reduces the efficiency of cleav- 
age to almost zero. For the A3, 1*2, and PS 
probes, ARQ Is much greater for the 3' 
TAMKA probes as compared with the In- 
terna) TAMRA probes. This is explained 
most easily by assuming Umt ptobes 
with TAMRA at the 3' end are more likely 
to be cleaved between leportei and 
quencher than are probes with TAMRA 
attached internally. Tor the Al probes, 
the cleavage efficiency of probe Al-7 
must already he quite high, as ARQ docs 
not increase when the quencher is 
nl»r«Hl rinvr to th*» .V end. This illus- 



trates the important of hoing ahlr* to 
use probes with a quencher on tho V 
end in the nuclease PGR away. In this 
assay, an increase Jn the intensity of re- 
porter fluorescence is observed only 
when the probe is cleaved between I lie 
reporter and quencher dyes. By placing 
the lupurlur and quuuchui dyes un tho 
opposite ends of am oligonucleotide 
probe, any eloavage that occurs wilt be 
detected. When the quencher is muched 
to an Interna! nucleotide, bumetlmes the 
probe works, well (A 1-7) arid other limes 
not so well (A3-6). Tbo relatively poor 
performance of probe A3-6 presumably 
means tho probe is being cleaved 3' to 
tho quencher rftthor than between the 
rppnrtpr and quencher, Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PGR prod- 
uct in the V nuclease VCR assay is to use 
a probe with the reporter and quencher 
dye* on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit in 
terms of hybridisation efficiency. Hie 
presence of a quencher attached to an 
Internal nucleotide might be expected to 
disrupt base-pairing and reduce the. 7" m 
of a probe, in fact, a 2V,-3 A <! reUia lior) 
In T m has been observed fox two piobcs 
With inienially attached TAMKAh/^This 
disruptive effect would be minlmi«:d by 
placing the quencher at the 3 1 end, Thus, 
probes with y quenchers might exhibit 
alight I y higher hybridization efficiencies 
than probes with interna] qucncliei*. 

The combination of increased cleav- 
age and hybridisation efficiencies means 
that probe* with 3* quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
Willi internally labeled probes. This tol- 
erance of mismatches can be advanta- 
geous, as when trying to use. a single 
probe to detect PCK-amplificd products 
from samples of differ enl species. Also, it 
mean's that cleavage of probe duri t\% PGR 
Is less sensitive to alteration* in atV 
nealing temperature or other reaction 
conditions, The one application where 
tolerance of mismatches may be. a disad- 
vantage is tor allelic discrimination. Ijhq 
ct al. 0> demonstrated that ahele-speclfic 
probes were cleaved between reporter 
and quencher only when hybridised to a 
perfectly complementary target. This al- 
lowed them to distinguish die normal 
human cystic fibrosis allele from the 
AFS08 mutant Their probes had TAMRA 
attached to the seventh nucleotide from 
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figure 3 Effect of Mg® ' concentration on RQ ratio for the A3 series of probes. The fluurtrccwtitft! 
emission intensity at MB and 582 nm was measured fur solutions containing SO mm probe, JO rriM 
Tri*-lia (pH 8.3), 50 him Kd, and varying amounts (0 10 TnM) of MgCU- The calculated RQ 
ratios (.sih nm Intensity divided by SKZ nm intensity) arc plotted vs. MgCfc concentration (him 
Mr). The key (upper tight) show* the probes examined. 



dyes used, spacing between reporter and 
quencher dyes, nudeoilde sequence 
context effects, presence ot structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the. 
probe. The second factor is the efficiency 
of hybridization, which depends on 
probe T m , presence of secondary struc- 
ture in probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor is the efficiency at 
which Tag UNA polymerase deaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter and quencher 
dye* drastically reduce the cleavage of 
prohe. (l> 

The rise in RQ values for the Al se- 
ries of probes seems to Indicate that the 
degree of quenching is reduced some, 
what as the quencher is placed toward 
the 3' end* The lowest apparent quench- 
ing is observed for probe A1-19 (see Fig. 
3} rather than for the probe where the 
TAMRA is at the 3' end (Al*26). This is 
understandable, as the conformation of 
the S' end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher ar the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than Is an internally placed 
quencher. For the other three sets of 



probes, the interpretation of RQ' values 
is less clear-cut. The A3 probes show the 
same trend as Al f with the 3' TAMRA 
probe having a larger RQ" thtm tin; in- 
ternal TAMRA probe. Fur tins P2 pait, 
boUi probes have about the same RQ 
value- For the PS probes, the RQ* for the 
3' probe is less than fw the inleiriaUy 
labeled probe, Another factor that may 
explain some of the observed variation Is 
that purliy affects the RQ" value. Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ . 

Although there may be a modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe A 1-2, where place- 
ment of the TAMRA on the second mi* 
elect Ide reduces the efficiency of cleav- 
age to almost zero. l ; or the A3, P2, And PS 
probes, ARQ Is much greater for the 3' 
TAMRA probes as compared with the in* 
temal TAMRA probes. This is explained 
most easily by assuming that probes 
with TAMRA ai the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached Internally. For the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ does 
not Increase when the quencher is 
placed closer to the 3' end. This illus- 



trates the importance oi bcjng able to 
use probes with a quencher on the 3' 
end in the V nuclease i'CU assay. In (his 
assay, an increase in the intensity of re 
portcT fluorescence Is observed only 
when the probe is cleaved between the 
reporter and quencher dyes. Uy placing 
th<* reporter and quencher dyes on the 
opposite ends of an oligonucleotide 
probe-, any cleavage that occurs will 1*?. 
detected. When the quencher u attached 
to an Intc-ioal nucleotide, frvuiotlmoi the 
probe works well (Al-7) and other times 
not so well (A3-6), The relatively poor 
performance of probe presumably 
means the probe is belnif cleaved 3' to 
the. quencher rather than between the 
reporter and quencher. Thar** fore, lh6 
best chance of having a probe that reli- 
ably detects accumulation of PCR prod- 
uct in the 5' nuclease VCR assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit in 
terms oi hybrldizaUon efficiency. 'Itu*. 
presence of a quencher attached to an 
interna! nucJeuiide might be expected to 
disrupt base-pairing and reduce the T, n 
of a probe. In fact, a 2°C-3'C reduction 
in 7^ has been Observed for two probes 
with internally attached TAMRAs, <9) This 
disruptive effect would be minimised by 
placing the quencher at the 3' end. Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of increased c)eav» 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes. This tol- 
erance of mismatches can be advanta- 
geous as when trying to use a single 
probe to detect PCR-amplifted products 
from samples of different species. Also, It 
means that cleavage of probe during PGR 
is less sensitive to alterations In an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. l*e 
et al.*" demonstrated that allclc-speclfic 
probes were cleaved between reporter 
and quencher only when hybridised to a 
perfectly complementary target- This al* 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AFSOB mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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tb« V end and were designed so thai any 
mismatches were between the reporter 
and t|uenchcr. Increasing the distance 
betwocm to porter and <pienehar would 
lessen (he disruptive effect of mis- 
matches and allow cleavage of the probe 
on the incorrect target. Thus, probes 
with a quencher attached to an internal 
nucleotide may still be ucoful for allelic 
discrimination. 

In this study lost of quonchlng upon 
hybridisation w« used to show that 
quenching by a 3' TAMRA U dependent 
on the flexibility of a sin£le*stranded oli- 
gonucleotide The Increase in reporter 
fluorescence intensity, though, could 
also be uted to determine whether hy. 
bridlzation has uixiirred or nor. Thus, 
oligonucleotides with reporter and 
quencher dye* attached at opposite ends 
should also be useful as hybridization 
probes. The ability to delect hybridLcd- 
tlon In real time means that these probes 
could be used to measure hybridization 
Kinetics, Also, this type of probe could be 
used to develop homogeneous hybrid- 
i^tion assays for diagnostics, or other ap- 
plications. Bagwell Ct ah Uft> describe just 
tills type of homogeneous assay where 
hybridization of a probe causes an in- 
crease In fluorescence caused by o loss of 
quenching. However, they utilized a 
complex probe design that require* add- 
ing nucleotide* to both end* of the 
probe sequence to form two Imperfect 
hairpins. The results presented here 
demonstrate that the simple addition of 
a reporter dye to one end of an oligonu- 
cleotide and a quencher dye to the oilici 
end generate* a fluorogenic probe that 
can detect hybridization or I'CR amplifi- 
cation. 



ACKNOWLEDGMENTS 

Wc acknowledge Lincoln McRridc of 
t>cr]<tn-Llrner for his support and en- 
couragement on Uiis project and Mitch 
Wlnnik of the University of Toronto for 
helpful discussions on Umc-*cbu)vvd flu- 
orescence. 



uct by utilising the V U\ 3' «XOm»Cl<Nt»« 
activity oi 'Jhtrmus aquatietss UNA poly 
mrtratc. Ihoc. Mart. A<x>d. 5n\ Mi 
7280, 

'A. lyamirhrv, V., MAO. ftnw, and },\\ 
hahlhcffi SirucluiMpettiW endo. 

nudeolytlc cleavage of nucleic acids by 
euhactcrlaJ UNA polymerases. Sclenx 
zeoi '//*-/**. 

4. FAmc i, v.TU. 1948. ZwiM.tirFfMiuieKu)anr 
Kncrftf ewandvrunK und fttuore&zena. Ann. 
Phys, (Leipzig) 2: SS 75. 

5. Ukftwlc^ J.tt \9Kt Ifoergy transfer. In 
l*rintil»k% of fluorescent spectroscopy, pp. 
303- 439. Plenum Pmad, N<iw York, NY. 

6. Stryer, l_ and KJ\ Haugland, 1U&7. Energy 
transfen A spectroscopic ruler, ftnc Natl 
ACHd. SO. SHi 71V-77A 

'/. N&ka|ima-ii)tma, s., u. Hamad*, \\ Rcddy, 
and T. Kukunaga. loft*. Molecular struc- 
ture of thu human cytoplasmic bcta-actin 
]iUet->pcvlcti Iwmulugy tit se- 
quences In the Intfom. Vttn.. NafJ. A<*4tJ. 
an. fi2i 6133 0137. 

B. du Brcuili R.M.J.M. l>anl, MH f ftA\ Mm- 
dclow. 1993. Quantitation of 0-actln-^pc* 
elfic mUNA trBnjieriptR wing x*no com 
petltlve POL PCR Methods Applk, 3: 57- 
SV. 

V, lAv&k, KJ. (unpubl.). 
10, BaRWell, C.B., M.E. Munsort, K.l* Chris* 
tenscn, and b.). Lovctt. is*!H. a new no- 
'iiogcncous essay system for specific nu- 
clvlv odd sequences. IvIynlA and puly«A 
detection. *WeiV Adds Res. 22; 242*4- 
2425. 



RLXvlvitf Lumber 20, 1994) accepted hi 
revised form MttcH 6, 199& 



REFERENCES 

i- i*c, uo., an, ConneM, and W, uloch. 
1^93. Allelic dttcrlmtnatlon by nick* trans 
i&Uon rCJt with fluofogenJc probes. 
cUU/icU$Ht$.2\\Z7<>\ 3766. 

1 Hollitud, VM. t 1L1>. Abmiuxou, H. Wat> 



20S6 09Z. 6^6 XVd 8S-*T 



From : BM_ 



PHONE No. : 310 472 0905 



Dec. 05 2002 12:20R1 Pll 



HBWB& Kinsman) 

by Dopynuunr law (17 u.s. lod*o 



GtNOMI MF1HODS 



Real Time Quantitative PCR 

Christen A. Heid, 1 Junko Stevens, 2 Kenneth J. Livak/ and 

I>, Mickey Williams 1 •* 
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Wc have developed a novel "real time" quantitative PCR method. The method measure* PCR product 
accumulation through a duaHabeied lluoroeenlc probe (U, TaqMan Prob«). This method provides very 
accurate and reproducible quantitation of gene copies. Unlike ocher quantitative PCR methods, real-time PCR 
does nor require poa-PCR -sample handling, preventing potential PCR product carryover contamination and 
resulting in much faster and higher throughput assays. The real-time FCR method has a very large dynamic 
range of starting target molecule determination (at least five orders of maenitudc). Real-time Quantitative 
PCR is extremely accurate and less labor-intensive than current quantitative PCR methods. 



Quantitative nucleic acid sequence analysis lias 
had an important role In many fields of biologi- 
cal research. Measurement of gene expression 
(RNA) has been used extensively in monitoring 
biological responses lo various stimuli (Tan el ai. 
1994; Huang el al. I995a,h; Wud'taomme et al. 
1995). Quantitative gene analysis (DNA) has 
Ix-en used -to determine the genuine quantity of a 
particular gene, as in the case, of the human H11R2 
gene, which Is amplified in -30% of breast tu- 
mors (Slamon et al. 1987). Gene and genome 
quantitation (UNA and RNA) also have been used 
for analysis of human inununodcficicncy virus 
(IIJV) buTden demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et at. 1993; Platak ct al. J9v:$n; 
J-wtado et al. 1995)- 

Many methods have heen described for tin: 
quantitative analysis ot nucleic acid sequences 
O^oth for RNA and UNA; Southern 1V/6; Sharp ct 
al. 1980; Thomas 1980). Recently, PCR has 
proven to be a powerful tool fOT quantitative 
nucleic acid analysis. PCR and reverse transcrip- 
tase (KT)-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This has made |>os- 
slblc many experiments that could not have heen 
performed with traditional methods. Although 
PCR has provided a powerful tool, it is imperative 



J CoM*c»04ftt!litg AUthAP. 



thai It be um»I properly for quantitation (tt»«y* 
maekers 1995). Many early reports of quantita- 
tive PCR and RT-PCR described quantitation of 
the PCR product but did not measure the Initial 
target sequence quantity. It is essentia] to design 
proper controls for the quantitation of the initial 
target sequences (Pcrrc 1992; dementi ct al. 
1003) 

Kcvhurchcrs have developed several methods 
of quantitative PCR and RT-PCR. One approach 
measures PCR product quantity in the log phase 
of the retuilon before the plateau (Kellogg et al. 
1990; Pang ct ah 1990). This method requires 
that each sample has equal input amounts of 
nucleic add and that each sample under analysis 
amplifies with idvitlicAi efficiency up to the point 
of quantitative analysis. A gene sequence (con- 
tallied in all samples at relatively constant quan- 
tities, such as p-aolln) on be used for sample, 
amplification efficiency normalization. Using 
conventional methods of PCR detection and 
quantitation (gci electrophoresis or piaic capture 
hybridization), it is extr&mcly laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (foT lx>lh the target gene and the 
normalization gene). Another method, quantita- 
tive competitive (QQ**RCK, has l>cen developed 
and is used widely for PCR quantitation. QC-PCR 
rdies on the inclusion of an internal control 
.competitor in each reaction (Becker-Andre 1991; 
Platak ct al. 1993*,l>). The efficiency of each re- 
action, is normalized to the internal compel Hor. 
a wnnwn amount ot internal competitor can be 
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added to each sample. To obtain relative ni«*ni* 
ration, the unknown target PGR product is com- 
pared with the known competitor PCR product. 
Success of a qua t\\ 11 alive compel Hive I'CK assay 
relics on aevcloplng an Internal control thai am- 
piifii** with the same efficiency as tljv nugci moh 
cculc. The design of the coiupctitoi and the vali- 
dation of amplification cfficicnc-io icquirc a 
dedicated effort. However, because QCM'CR does 
not require that FCR juinlucts be analysed during 
the log phase of (he. amplification, it is tin: easier 
of the two methods to use. 

Several detection Kystcius «ie used for quan 
Utative 1*CR and RT-1»CR analysis? (1) agarose 
gels, (2) fluorescent labeling of 1*CR products and 
detection with laairr-indiitrrd fluorescence using 
capillary elcerrophoresi;* (husco ei al. 1995; Wil- 
liams ei ai. 1996) or aerylaiuide gels, and (3) plate 
capture; and sandwich probe hybrid 1/4 1 Inn (Mul- 
der et ah 1994). Although these uicOkhI* proved 
successful, each method requires posl-]*CR ma- 
nipulations That add time to the analysis and 
(nay lead to hiUo'atoiy i onl Aiuination, The 
sample throughput of these method* Ls limited 
(wllh UU- i-xccpllon of the plate capture ap- 
proach), mid, thurufrn-u, these methods ore not 
well >ulted fwj usie* demanding high sample 
Throughput (i.e., screening of large numbers of 
hlt>tuwl«n.ulc> 1*1 juiity^ln^ ^il));lv9 fox diagnos- 
tics or clinical IriaUs), 

Here we report the development of a novel 
ussay for quantitative IWA analysis. The assay is 
based on the ustvof the £' nuclease assay first 
described by Holland et al. (1993). The method 
uses the -V nuclease activity of 7W*/ polymerase t<i 
cleave a noncxtendlblc hybridization prol>c dur- 
ing the extension phase of 1'CU- The approach 
uses dual-la bclcd fjuorogenic hybridisation 
probes (Lee. ct a). 15><>3; dossier ct al. 1995; Uvok 
et «K 199f»o,b). One fluorescent dye serves its a 
reporter .(RAM (i.e., 6-carboxvfluoresvcin)| and its 
emission spectra is quenched by the second fluo- 
rescent dye, TAMRA o^carboxy-tetramethyl- 
rhodaminc). Tlic nuclease degradation of the hy- 
hrldl/Jitlon probe releases the quenching of llle 
i'AM fluorescent emission, resulting in an In- 
crease hi peak fluorescent emission at SJg nm. 
The use Of a sequence detector (AUI Prism) allows 
measurement of fluorescent spectra of ail 96 wells 
of the thermal cycler continuously during the 
!*CK amplification. Therefore, the rcucliou> u, v 
liioultored in real lime. The output data is de- 
scribed and quantitative uimlysb of input target 
I )NA sequences is discussed hctow. 



RESULTS 



PCR Product Derecrlon in R«al Time 

The goal was to develop a high-ih rough put, sen- 
sitive, and accurate gene quant hat Ion assay for 
use in monitoring lipid mediated therapeutic 
genc delivery. A plasm id encoding human factor 
Vlll gene sequence, pI<8TM (sec Methods). w;ix 
used as a model therapeutic gene. The assay use* 
fluorescent Taqman methodology and an instru- 
ment capable of measuring fluorescence in real 
time (Alii Prism 7700 Sequence Dctcrlor). Hie 
Taqman reaction requires a hybridization prone 
lal>cled with two different fluorescent dyes. One 
dye Is a reporter dy« (I'AM), the other in x quench- 
ing dye (TAMRA). When the proU: is intact, fluo- 
ieaccni energy transfer occurs and the reporter 
dye fluorescent emission is absorbed by the 
quenching dye (TAMRA). During the extension 
phase of the VCR cycle, the, fluorescent hybrid- 
l/juioii probe is cleaved by the nucleolyiic 
activity of the. T>NA polymerase. On cleavage of 
the probe, the reporter dye emission Is no longer 
transferred efficiently to the quenching dye, re 
suHimk h* «" increase oif the report or dye ftuorOfc- 
cent emission ajXrCtra, PCR primers and probt.*N 
were designed foi I he human factor VJ1J se- 
quence and human p~acttn gene (as de.icril>ed in 
Methods). Optiuiization reactions were per- 
formed to choose the appropriate probe uiul 
magnesium concentrations yielding (he high^t 
Intensity of reporter fluorescent signal without 
sacrificing specificity. The Instrument uses a 
charKC'COiiplcd device (i,c, CCD camera) for 
measuring the fluorescent emission spcetni from 
f»(H) u* G$0 niti, liach IKtR tube was monitored 
sequentially for 25 m.suc with continuous moni- 
toring throughout tin: amplific^tioii. Uach lube 
•wo* rct-cxandncd every tt.S sec. Computer soft- 
ware, was designed to examine the fluorescent In- 
tensity of both the reporter dye (KAM).and 
the quenching dye (TAMRA). The fluorescent 
intensity of the quenching dye, TAMilA, changes 
very III lie over the course of the PCR ampllfl* 
cation (data not shown). Thereforti, the Intensity 
of TAMRA dye emission serves as an Internal 
.ilandard with which to norfimllye the reporter 
Oyit (FAM) emission variatJons. Tl^e software cal- 
culate* a value termed ARn (or ARQ) using the 
following equation: ARn - fluY 1 ) (R"")* where 
Un 4 . emission intensity i>t reporter/emission in- 
tensity of quencher al any given time In a reae 
tlon tube, and Ru r- emission inttmsitity of tc- 
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ponCT/OmlSRiOT) JliUriiMly of quencher measured 

prior to TCK amplilicatiou in that same reaction 
tube. For the purpose of quantitation, the la.st 
three data points (ARns) collected during the. ex* 
tension step for each KtK cycle were analyzed. 
The nucleolytic degradation of the Hyundai ion 
probe occurs during the extension phase or rc;n, 
and, therefore, reporter fluorescent cinwMon in- 
creases during this time. 'Jin: thiec data points 
were averaged for each KJK cycle and the metni 
value for each was plotted in an "amplification 
plot" shown In J'ifjure 3 A. The AKn mean value Is 
pleated on the j*axi$, and time, represented hy 
cycle number, is plot tad on tliv*-axi&. During the 
early cycles of the PCR amplification, xhv ARn 



value remains at bas* line When sufficient hy- 
bridization probe has been cleaved by tin?. Tin? 
]X>lymcrayc nuflttMG activity, thu iuUsiisiiy of re- 
porter fluciratccM emission iiieretitvt.. Most 1>CU 
amplifivMjons reach » plateau phono of reporter 
fJuurcHtsnl emission if the reaction h carried out 
10 high cycle uujiiKin. The amplification plot i'j 
examined vuily in th« fraction, at a point that 
icpiosonts ilw log phase of product arcmnula» 
lion. This is done by usfriftnJng an aihiUajy 
threshold that is lm*cd on the variability of the 
hase-iii ic dMia. In Hguui 1 A, the threshold was set 
at 10 standard deviation* above, the mean of 
base line emission i:alculated from cydcn 1 lo 1 S. 
Once the threshold is chosen, the point at which 
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Figure 1 PCR product detection in real time. (A) The Model 7700 *>tiware will construct a 2 p,ifi f al !? n J > ^ 
from the extension phase fluorescent emission data collected during the PCR amplication. The standard de- 
viation is determined from the data points collected from the base line of the amp Iflcalion plot. , va tot* are 
calculated by determining the poim at which the fluorescence exceeds a threshold Urnrt (usually 10M« me 
Sard deviation of the base line). (B) Overlay ot amplification plois of serial^ 0 :2) . 
DNA samples amplified with p-actin primers. (Q Input DNA concentration of Ihe samples plotted A" 
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the amplification plot crosses the ihrenhold'is de- 
fined as C P C, is reported u* the cycle number ai 
this point. Ar will be demonstrated; the CI, .value 
1st ptediiUve of ihc quantity of input t'»rget. 

Cc Values Provide a Quantitative Measurement* of 
Input Targer Sequences 

Figure IB shows amplification plot* of lindiYf ev- 
ent PGR amplifications overlaid. *i"hc amplify 
rions were performed on a 1:2 serial dtiutkw u« 
human genomic JWA. line amplified target wa* 
human p actln. The amplification ploftf xhifl to 
the right (to higher threshold cycles) n* the input 
target quantity is reduced. 'JT>i$ is expected ho 
mum rcutctlnrtfi with fewer starting eopios of the 
target molecule require greater amplification to 
degrade enough probe to attain the Threshold 
fluorescence. An arbitrary threshold of 10 stan- 
dard deviations above the base line was used to 
determine the O r values. Figure 1C represents the 
C r value* plotted versus the sample dilution 
value, Each dilution was amplified in triplicate 
PC :R amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The C T values decrease linearly with increas- 
ing target quantity, Thus, C, values can be used 
as a quantitative measurement of t lie input target 
number. It should be noicd that the amplifica- 
tion plot for the 15.6'iig sample shown In Figure 
IB does not reflect the same fluorescent rate of 
increase exhibited by most of the other samples. 
The I5.6-ng sample also achieves endpoint pla- 
teau at a lower fluorescent value than would he 
expected ba.sed on the input PNA. This phemmv 
enon has been observed, occasionally with other 
samples (data not shown) and may be attribut- 
able to late cycle inhibition; this hypothesis is 
still under investigation. It is important to note 
that the flattened slope and early plateau do not 
impact signfflcjintJy the calculated O, value us 
demonstrated by the fli on the line shown in 
Figure 1 C. All triplicate amplifications resulted in 
very similar d- values— the standard deviation 
did not exceed 0,5 for any dilution, this experi- 
ment contains a > 100,000-fold range of Input tar- 
get molecules. Using C v values for <|uantitatlon 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
quantitation. The linear range. ol lluorcsccni in- 
tensity measurement of the ABl Prism 7700 Se- 



meim over n very large r^m^o of rflativf* *u«rf1ng' 
target quantities. 

Sample Preparation Validation 

Several parameters Influence the efficiency of 
PCZR amplification: magnesium and salt conceit? 
tr at ions, reaction conditions (i.e., time and ian- 
po.rature), PGR target size and composition, 
primer sequences, and sample puriry. All of the 
above (actors are common to a single Villi assay, 
except sample lo sample purity, in an effort to 
validate the method of sample preparation for 
theiactor Viil assay, PCK amplification reprodno 
ibiiity and oificJency 01 30 replicate sample 
prej»aratiom wen* examined. After genomic DNA 
was prepared from the 10 replicate samples, the 
DNA was quanUtaicd by ultraviolet spectroscopy. 
Amplifications were performed analyzing p-aciln 
gem: content in 100 and 2$ nj; of total genomic 
DNA. Each I'CR amplification was performed in 
triplicate. Comparison of C r values fur each trip, 
iicate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Table 1). Iliercforc, each ol the triplicate VCM 
amplifications was highly reproducible, demon- 
strating that real time PCR using this instrumen- 
tation introduces minimal variation Into the 
quantitative J'CR analysis. Comparison of tint 
mean V n values of the JO replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded suniiar 
results for p-actin gene quantity. The highest Cy 
difference between any of rhe samples was 0.85 
and 0.7] for the 100 and 25 ng samples, respec- 
tively. Additionally, the. amplification of each 
sample exhibited an equivalent rate of fluores- 
cent emission intensity change per amount of 
DNA target analyzed OS indicated by similar 
slope* derived from Ihc sample dilutions (Pig. 2). 
Any sample containing an excess of a PClt inhibi- 
tor would exhibit a greater measured 0-actln G r 
value for a given quantity of DNA. In addition, 
the Inhibitor would be diluted along with tin* 
sample in the dilution analysis (Hg t 2), altering 
the expected C,. value change. Rach sample am- 
plification yielded a similar result in the analysis, 
demonstrating that this method of sample prepa- 
ration is highly reproducible with regard to 
sample purity. 

Quantitative Analvsis of a Plasmtd After 
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Tahl* 1 , reproducibility of Sample Preparation Method 



Sample 



no. 



2 
3 
4 
5 
6 
7 



10 



Mean 



100 ng 



25 ng 



standard 
m£an deviation 



CV 



18*24 

18.23 

19,33 

18.33 

18.35 

1M4 

18.3 

18.3 

1*M2 

18,15 

18.23 

18.32 

18.4 

18.38 

1 8.46 

18,54 

18.67 

19 

18.26 

18.36 

18.52 

18.45 

18.7 

18.73 

18.18 

18.34 

18.36 

18.42 

18.57 

18.66 

(1 10) 



19.27 



0.06 
0.06 



18.34 0.07 



18.23 0.08 



1B.42 0.04 



18.74 0.24 



18.39 0.12 



18.63 0.16 



18.29 0.1 



18.55 
18.12 



0.12 
0.17 



0,32 

03? 

0.36 

0.46 

023 

1.26 

0.66 

0.B3 

0.55 

0.65 
0,90 



20.48 

20.55 

20,5 

20.61 

20.59 

70.41 

20.54 

20.6 

20,49 

20,48 

20.44 

20.38 

20.68 

20.87 

20,63 

21,09 

21,04 

21.04 

20.67 

20,73 

20.65 

20.98 

20.84 

20.75 

20,46 

20.54 

20.48 

20.79 

20.78 

20.62 



standard 
mean deviation 



20,51 0.03 

70.54 0,1 1 

20.54 0.06 

20.43 0.05 

20.73 0.13 

21.06 0.03 

20.68 0.04 

20.86 0.12 

20.51 0,07 

20.73 0.1 

20.66 0,19 



CV 

0.17 

0.54 

0,28 

0.26 

0.61 

0.15 

0.2 

0.57 

0.32 

0.-16 
0,94 



(or containing a partial cDNA for huimm factor 
vm, pK8TM. a series of transections was sot 
up using a decreasing amount of the plasixii<T(40, 
4, 0.5, and O.l jxg), 1*wt!iiiy-rour hours po.st- 
trmiafeciian, total DNA wa* purified from each 
flask uf cells. p-Aclin gene tju^iillty wa* chosen a* 
a value for normalj/.atMm of ^.nuMiic, DNA con- 
centration from encli sample. In this cxpeiif jjent, 
(i-actin gene content should remain constant 
relative to Total genomic DNA. Figure 3 show?* the 
result of (he p-actln JDNA measurement (100 jig 
total DNA determined by ultraviolet spectros- 
copy) of each sample. Kaeh Sample was analyzed 
in triplicate and the mean p-acttn Cj values of 
the triplicates were plotted (error bars represent 
A« rt rf^„iflM Ht*wiaitnni *lh#* hlpttpsr ciifrrrrnrr 



between any iwo sampta moans was 0.115 C t * Ten 
nanograms of total UNA of each sample were aiso 
examined for iVactln. Hie results agum >hi>wed 
that very similar amounts of genomic 1>NA were 
present; the maximum mean p actin C: t value 
difference wa.s 1.0. As Figure 3 shows, the rate of 
P-actlu O r dninge between the 100 and 10-ng 
sample* was simitar (slope valuer rango hwtwoen 
3,56 and - 3.45). This verifies again thai the 
method of sample preparation yields ronptas of 
identical PC.R integrity (i.e., no sample contained 
an excessive amount of * PCR inhibitor). How- 
ever, UK-sc results Indicate that each sample con 
talned slight diffeienc.es in the actual amount of 
genomic 1>NA anaiyxed. Determination of actual 
Muuumic ONA concentration was accomplished 
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Figure 2 Sample preparation purity. 1 he replicant 
samples shown In Table 1 wore also amplified in 
tripicate using 25 ng of each DMA sample. The fig. 
ui* show* the input DNA concent rut ion (100 and 
25 ng) vs. C, In ihf ViQttt^ ihp 100 and ?S ng 
polriU for each sample are connected by a line. 



by plotting the mean £-actio value obtained 
fOT each 100 llg tfHinplv on a ft-actln standard 
i.iu ve (shown Ira Fig- <*0>. ^ c « cU|il1 genomic 
DNA concent raOon of each sinnplw, tt, was ob 
tallied by extrapolation to thu **iodfr. 

Figure 4 A shows the measured (i.e., iu*rt- 
normalised) quanlilie.N of factor VJJ] plasm id 
IWA (pF8TM) from each of the four transient eel] 
transections. Each reaction contained 100 rtff of 
total samples DNA (as determined by UV spectro** 
copy)- Vjxch sample was analyzed in triplicate 



25 



"1 23 



21 



20 




1.4 1-0 LB 
log (ng i^PUl DNA) 

Figure 3 Analy^l* of Udnsfectcd cdi DNA quantity 
and purity. I he DNA preparations of lias 'our 293 
cell transfections (40, 4, 0.5, and 0,1 ng of pFSTM) 
were analysed for the 0-actln genti* 100 and 10 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate For each 
amount of pF8TM that was transacted, the p-actln 
C T values are plotted versus the total Input DNA 



m Al flMI- OUANTITATIVH PCR 

•'|>c:fc tunplification*. As shown, pFBTM purified 
jfuiic Jbv 293 colls decreases (mean C, values in- 
cruu.«ej with decreasing* amounts of piasmld 
,irun*ft*Ucd. The mean C 4 values obtained for 
pFVFM in TlgufC 4A were plotted cm a stand-jrd 
curve oc*mprl.Hed uf scilully diluted pFRTM, 
shown in figure 4R. The quaiihly uJ pFKTM, b, 
found in each of the four trnnfifoctloiiR was de 
teTmined by extrapolation to the jraxifc of the 
standard curve In Figure 4B. Thttsc uncorrected 
values, h, for pKRTM were iioriiiaH^I 10 del er- 
mine the actual amount of pF8'lM found per 100 
ng of genomic DNA by using Ihc equation:. 

/> x 10 0 fig actual pIOTM copies per 
JJ T 100 of genomic DNA 

where a *- actual -genomic DNA in a sample and 
U ^ pFHTM copies from the standard curve. 'Hie 
normalised quantity of pl'&TM per 100 ng of ge- 
nomic DNA for each of The four iraivVfectlons M 
shown In Figure 4JJ- 'Hicm: roull* Miow mat the 
quantity of factor Vlll plasinid associated wnh 
the 2V3 cells, 21 lir after iruiusfcvUiun, diii.u: 41 ^'* 
with dccreusluH plwMiiu) umceiuiaiioo u.sed In 
the transfet^ion. The quantity of pFBTM n»soeJ- 
atcu wuh 293 cells, after transfectlon with 40 ixg 
of ptasmid, was 35 pg p^r 100 ng genomic DNA. 
This results in -520 plaauiid copies per cell. 



DISCUSSION 

Wo have described a new method for cjuantUni- 
infc gene copy numbers using real-time analysis 
of PCJR amplifications. ReaMimc FCK is compat- 
ible with cither of the two PGR (KT-PCR) ap- 
proaeiio: (1) quantitative compeiitivi: where an 
Intemul witipeilLor for each target sequence i» 
used for normalisation (data not shown) or (2) 
quantitative comparative PCH ushfg a uuiuirtliza- 
tton gene contained within the sample (i.e., p-ac- 
tin) or a ''housekeeping" gene for RT-PCK- If 
equal amounts of nucleic acid are analyzed for 
each sample and if the amplification vffitiau,y 
before quantitative analysis o identical for each 
sample, Ihe tTirenial conhol (nurmali^tion jjene 
or competitor) should give equal MgnaU for alJ 
samples. 

The rcal-lime PCU method offers sevenil ad- 
vantages over the other two methods currently 
employed (see the introduction). First, the real- 
time PCR method is performed in a doscd-tube 
system and requires no post-PCR miHiipulatlon 
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Figure 4 Quantitative analyst of pF8TM in transfccted eclb. Amount of 
plasmid ONA used for I he transaction plotted against the mean C, value deter- 
m vwt f ° r pf *™ rcma,ni,1 *l ^ alter transection. <ftQ Standard curve* of 
pURlKA «ind 0-actfn, respectively. pr8TM DNA (€} and genomic DNA (Q were 
diluted « Arlally 1 ;S before amplification with the appropriate primers. The p-actin 
standard curve waw used to normalise the results of /t to 1 00 rig of genomic DNA. 
(0) The amount of pf8TM present per 100 ng of genomic DNA* 



nf sample. Therefore, Hit* |*>tcnti«) for PCU con- 
tamination in the laboratory is reduced because 
amplified product*; can h« «4i)<dyy.ed ajid disponed 
of without opening the ru*ction tubes. Second, 
thii method suppoiU.lhe use of a iiorm;j1ix<ith>ii 
gene (Lc., P-actiii) for quantitative. PCR or house- 
Keeping genes for quantitative RT-l'Ck controls. 
Analysis Is performed in real time during the Jog 
phase of product accumulation. Analysis during 
)o K phase permits many different genes (over a 
wide input target range) to be analyzed simulta- 
neously, without concern of reaching read ion 
plateau at different cycle*. This will make iiiuHI- 
gens analytfs assays much caM«i Iv develop, be- 
cause individual internal umipellluis will nut be 
needed for each gene under analyst Third, 
sample throughput will inciease diamalically 
with the new method because there is no poat* 
PCR processing time. Additionally, winking In a 
96- well formal Is highly compatible with auto* 
niation technology, 

The real-time PCR method is highly repro- 
ducible. Replicate amplifications can be analyzed 



for ?acli sample minimizing jnttcntlal error. The. 
system allow* for a very large assay dynamic 
range (approaching l,000,0<K)-fold Mailing tai- 
got). Uahig u .standard curve for the. target oi in* 
terest, relative copy number values can be deter- 
mined for any unknown sanrpk*. Fluorescent 
threshold values, C r> coueJair. linearly with rela- 
tive DNA copy numbers. Keal time quanlltatlvt- 
RT-rCR methodology (C?tbsoj> ct al v this Issue*) 
has also becin developed. Finally, real time quan- 
titative I'Cll methodology can be used in develop 
high-throughput , screening assays for n variety of 
applications [quantitative gene CAptcaaiuii (RT- 
rCR), gene copy nanayjj (Hcr2, 111V, ClC.)/ gcmv 

typlng (knockout mouse, analysis), and Jnimuno- 

rcuj. 

Real-time P(!U may also l>e performed using 
intercalating dyo.a (Higuchi ct ul- iy?J2) such as 
ctJiJdium bromide. The fluorogenic prone, 
method offers a ma for advantage over inter- 
calating dyes- greater specificity (i.e., primer 
dimvrs and nonspecific PCR products are. noi de- 
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METHODS 

Generation of <i Plasmld Containing a Partial 
cDNA Tor Human Factor YU1 

Total RNA w<u harvested (ttNA*r*l » from Tel Te*t, inc., 
fTKtxd&woodf TX) from ve)l> ii*ttafccted with a factor VI U 
expression veetor, pClS2.tk4&lJ (Katun et M. 1VH6; Cor* 
man ct al. 1900). A factor VIII partial cDNA wvpienev WAS 
^tiuirnica by in* K:!t KiwioAnip J(/ iTth ItNA i»TJi Xl1 
(pan NWHt-ur/y, rE Applied Uiosysicmx, l-'ostet City, 

uslii£ the TC:it pritin-rs PHfor mih! l-Hnvv (prinwr sequences 

arc ahown Mow). Hie ampllcon was reamplifM-d uMnfi 
modified I'ttfor and Wrcv primers (ajiixiuli'd whh ffawlll 
and Mwdlll restriction site sequences hi thv V t'Jwh and 
Clonal l»ito p«KM- 3Z (Promt^u CUwp., Madison, Wl). The 
rcsulilnfcclonr, pPSTM, was tiacd lor transient tfansfectlon 
of 293 cell*. 



Amplification of Target DNA ami Dvlccilon of 
Amplicon Factor VHI Plasmid DNA 

(pFfiTM) was ciinpllftcnl wllh die i«iw>vis l*Bf<ir 5'-<X;c:- 

<n*<i<;<^\AUAu:j , UAtxiiCiTC3' and p»rcv 5 , -AAA<urr- 
i^octrrocjArcitrrACJCi-a'.Hitt reaction produced « 42fc- 

tij> hc;K product. TJie forward primer m\* de>h*ned tu lev 
ogntxe a unique M'tpmuo fimtid Jit the 5' untranslated 
region of I hit put pG132.o\25l> |i|<*mihv1 diitl therefore 
does nut k'vsikoUc amplify the human factor VIII 
gene, l*rimftf* wore chosen with the avsivtaurf* of I ho com- 
puter program Oligo 4,0 (Notional lliiwcionccs, Iihn, Ply* 
mouth, MN). The human p-actln gene whs amplified with 
Ihc primer* 0-tutin Hif-ward primer S'-TCAO0OACA< TViVY 
GCCCATC7V\CXlA-$' and fi-aciiu xvvvrse piimer ,V.< !A(;. 
C0GAACCX:<:r<:An(;c:c:AATGG-3\ The reaction pro- 
ciucco a 2V5np rOk product. 

Amplification reactions (SO *U) coitiiijiicd a DNA 
sample, H»X PCU Buffer II (S pd), 200 pJvf dAlV, dCTP, 
dO f rr, and 400 p,M dllTP, 4 mx< MgCI ?t Unlix Amp] I 
Tut) UNA poiymciwc, 0,5 unit Ampwasc uracil N-Riy- 
<:n»ylu*v (UNO), £0 pinole of each facloi VI II prlmvi/ and 15 
pinoU* of itueh p diet to piling. Tho i<*avll«MV^ til«» txintalticd 
Otic Of the foMpwlng ((etcftlmt prol«*jt (KMi tiw rnrh)* 

l'tijirobc .^'(i'AW)Ac:rrjYrj 4 c:<::Ac:crr<;c , rn , <rrm:TOT- 

GCCTT<TAMRA)p 3' «ud p-ttctin prvU- 5 f (FAM)AT(JC^-t;- 
X0 , AMKA)CCCCr:ATCCCATCp-3' where p indicales 
pho.^phorylrttinn and X indicates a linker arm nucleotide. 
Rcnclloji loK*? wm- Wttin^Aft^p Optical Tulxs (part nUitl- 
ln-r NK01 OO.ia, l»crkln Ulnier) tiiat wore frouunl tA IH»rl;hi 
ntrucr) to prvvoiit ligiil from /cflcctln^t Tube eap> were 
slmibv to MirruAmp ilnps I >u l specially designed lo pre- 
vent 11^1 it »eutU*rni5,.AII ot th<* P< 1U OttiiMumtibti** were IU>w 
iJicd Ivy PU Applied lUo«y*tein* C!hy, CA) except 

the factor VIU primers, wlilch wt-ic j(yotl>C5l/rd at Cenvn 
tech, Inc. (South &m Trtiiiclsoo, CA). Prohev wm* dwl^nt-d 
tiding the Ol>fic> 4.0 .software, i<»lknyinK gnUlpllncs 
Kcsteo in mc Modd 7700 .sequence Pctwlor Iii^iiuiik-iiI 
manual. Briefly, prubc T„ ^mulit l«- al Jeaat 5 U C lilfiUer 
mail flif aruu'iiHijjt leutpcMlnre uacil during llirrmitl ey- 
rhttgi prlmcrii should nul Khim M«bk- duplexed with On* 
probe. 

The therm* I cycling CunditK*ivs Included 1 juIji a* 
50 V C; and 10 min at 95"C. 'Ilicj-mal cycling proccrded with 
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unctions were pesfonued i«» th<» Model 7700,Scqucna* IX - 
tr«i<>r (l*£ Applied Utosysluuiv), wltlrh couUhiv j Cc*<- 
Allip l»< :K Systvm u«K>. ttfcactlon cvudition« w« ff pro. 
RTUinmeU mii .« I'nw« Macintosh V100 (Apple C'on*p»lr*r # 
Santa Clara, t^\) linked dirv«ily to the Mode! VV00 
cjucikt iXdector* Analyst* uf data wn »1ku ncH7*niv*H on 
the MHi-lnt<»sh computer. Collodion and analydfi cofiw^ro 
wtw developed xt l*K Appllvd WcKyjtttuns. 

Transection of Cells with Factor VIII Construct 

Knur T17.S Oasks af 293 cells (AT<x: CM. WM n human 
fctol kidney su^pcnAion cell line, were npuwu to 80% con* 
Hucfivy and trawfeeted |tl ; «"l*w. Ceils were k«>wu In tho 
following media: SC)% HAM^ ¥\2 without GHT, 50% U>«i 
lllucose JXtJhctvn's modified Ko^lo incdium (DMIvM) wltli* 
enn glycine, with sodium bicarlxinatc, 10% lctal Ikwuic 
acruin, 2 imm l-$IuUihiiik, And 1% penicilliu-strcptomy^ 
ilrt, 'Ihc media waa dta»iK cd 30 bch™ H*e iransfec 
lion. plHJTM DNA amounts of 40, 4, CU>, and 0.1 h; were 
iidilcfl it> l.A ml of a wlutlon containing 0.I2A m CUxC\ % - 
and 1 x MW$. The four mixture* were left al room U»m- 
|X-.ni«m< ttn H) mln «nd then iidiUnl drujiwUt- to il%o colls. 
U'ltv n»fck> m.'i%*»«-ulj<ilcd at 37°C:'and 5% ( X^. for 24 hf. 
washed with PltS, and nwuspended In PllS. The rt'Kttfi 
jn-ndi^l cclU were divided intu al»*|M<>t» und UNA woa cv- 
tntttted limiictlltttcly usiiiK (hcQIAaiiip KIihkI Kil (Ql^en. 
aictlawurtli, <.VS)» l>NA wos c.lwted Into 200 ol 20 i«m 
TrMICJutplim 
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Contributed by David Botsteiri and Arnold J. Levine, October 21, 1998 

ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISPS, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (/) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracyline repressible promoter, and («) Wnt-1 transgenic 
mice. The WISP-I gene was localized to human chromosome 
8q24.1-8q24.3. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to > 30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISP-3 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to > 40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 



Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsn) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3j3 (GSK-3/3) resulting in an increase in 
j3-catenin levels. Stabilized 0-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (A PC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
/3-catenin levels (9). A PC is phosphorylated by GSK-30, binds 
to 0-catenin, and facilitates its degradation. Mutations in 
either APC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-/3 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwn), and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-I 
and WISP-2, and a third related gene, WISP-3. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor; CTGF, connective 
tissue growth factor; SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF100777, 
AF100778, AF100779, AF100780, and AF100781). 
tTo whom reprint requests should be addressed, e-mail: diane@gene. 
com. 
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cDNA was synthesized from 2 fig of poly(A) + RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 fig 
of poly(A) + RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISP-1 were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
. coding full-length mouse and human WISP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISP-3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA- PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 >iM of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraIdehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2<act) wnere represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
d-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The W/S/'-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems, 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 



mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/ Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1 A and 5). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on 0-catenin levels (13, 14). Expression of WISP-1 was 
up- regulated approximately 3-fold in the C57MG/ Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-1. The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of «*40,000 (M T 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. Z4). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of «*27,000 (M r 27 K) (Fig. IB). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 



CS7MQ 



WISP-1 - 



pectin 



WISP-2 - 



Fig. 1. WISP-1 and WISP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-1 (A) and 
WISP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Po1y(A) + RNA (2 /ig) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP-1 -specific probe 
(amino acids 278-300) or a 190-bp WIS P-2-specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human 0-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 (A) and mouse and human WISP-2 (B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-1. 

Identification of WISPS. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISPS cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354 7 aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 3/4). 

\VISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISP-2, and WISPS are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogen ic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, . similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. (A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISP s was characterized by PCR 
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analysis on adult and fetal multiple tissue cONA panels. 
WISP-1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISPS was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISP-3 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-1 and WISP-2. Expression of 
WISP-1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 





Fig. 4. (A, C, E, and G) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-Held images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and B), 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and O), and tumor cells are negative. 
Focal expression of WISP-1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (E and F), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISPS mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000), WISPS is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (21, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the am pi icon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISPS was indistinguishable from one (P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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Fig. 5. Amplification of WISP- J genomic DNA in colon cancer cell 
lines. (A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 /ig) 
digested with £coRI (WISP-1) or XbaX (c-myc) were hybridized with 
a 100-bp human WISP-1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with norma! adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISPS RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISP-3 ranged from 
4- to >40-fold. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., 0-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through /3-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization, Growth factors, such as TGF-j3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrtn a v ft serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-j31, which is the stimulus for 
stromal proliferation (34). TGF-/31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP-2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2 , describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and j3-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic /3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target gehes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms ceils and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. , 
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Wc have developed a novel 'Yea! time" qualitative PCR method. The method meaciirts PCR product 
accumulation throueh a duaHabeled Ikioncenlc probe {Lc„ TaqMan hroM. This mtthorl provides very 
accurate and reproducible quantitation of Rene copies. Unlike other quantitative PCR methods, real-time PCR 
does nor require pos<-PCR sample Handling; preventing potential PCR product carry-over contamination and 
resulting In much faster and higher throughput assays. The r»Mlme PCR method has a very large dynamic 
range of starting tarter molecule determination (at least five orders of magnitude* Real-time quantitative 
PCR is extremely accurate and less labor-intensive than current quantitative PCR methods. 



Quantitative nucleic acid sequence analysis Mas 
had an important role in many fields of biologi- 
cal research. Measurement of gene expression 
(RNA) has been used extensively In monitoring 
biological responses to various stimuli (Tan t*t al. 
1994; Huang el al. I99$a,b; Prud'homme et al. 
1995). Quantitative gent* analysis (ON A) has 
jHt-ii used t w determine the genuine quantity of n 
l>articular gene, as in the case, of the human HER2 
gene, which Is amplified in -30% of breast tu- 
mors (Slamon et al. 1987). Gene and genome 
quantitation (DNA and UNA) also have been used 
for analysis of human immunodeficiency virus 
(ilJV) burden demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et al. 1993; Piatak et al. I vv:ib; 
J-wtado et ai. 199S)- 

Many methods have heen dcscrlhcd for tin: 
quantitative analysis ot nucleic acid sequences 
(hoth for RNA and DNA; Southern 1 Sharp et 
al. 1980; Thomas 1980). Recently, PCR has 
proven to be a powerful tool for quantitative 
nucleic acid analysis. PCR and reverse transcrip- 
tase (KT)-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one tell equivalent). This has made j>os- 
sible many experiments that could not hove, been 
performed with traditional methods. Although 
PCR has provided a powerful tool, it is imperative 



e to a 



that it be used properly tor quantitation (tt»«y- 
maekeTs 1995), Many early reports of quantita- 
tive PCR and IVP-PCK described quantitation of 
the PCR product but did not measure the initial 
target sequence quantity. It is essentia) to design 
proi>cr controls for the quantitation of the initial 
target sequences (Pcrrc 1992; Clement! el al. 
1903) 

KeMtarchcrs have developed several methods 
of quantitat ive PCR and in -PCR. One approach 
measures PCR puiduci quantity in the log phase 
of the reaalon before the plateau (Kellogg et al. 
1990; Pang ct al. 1W0). This method requires 
that each sample has equal input amounts of 
nucleic add and that each sample under analysis 
amplifies with ident ical efficiency up to the. point 
of quantitative analysis, A gene sequence (con- 
tained in all samples at relatively constant quan- 
tilutt, such as p-aclin) tan be used for sample 
amplification efficiency normalization. Using 
conventional methods of PCR detection and 
quantitation (gel electrophoresis or plate capture 
hybridization), it is extrfcmely laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (for lK>ih the target gene and the 
normalization gene), Anottier method, quantita- 
tive competitive (QCH^CK, has l>een developed 
and is used widely for PCR quantitation, QC-PCR 
relics on the inclusion of an internal control 
competitor in each reaction (Becker-Andre 1991; 
Matak cl al. 1 W3*,l>). The efficiency of each re. 
action Is normalized to the Internal compel Hor. 
a knrwn auuititit at lni«-.maJ competitor san be 
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added in each sample. To obtain relative* n»a no- 
tation, ihc unknown target PGR product is com- 
pared with the known competitor K":R product. 
Success of a quantitative competitive I'CU assay 
relies on acvel oping an Internal control llicil am- 
jdirira with the same efficiency as the tuigci iaol- 
cculc. The design of the coinpetltoi mid thv va)l- 
d at ion of amplification efficiencies jequire a 
dedicated effort. However, because QCJ-PCR does 
not require that PCJR pioducls be analysed during 
the Jo,*; phase of (he. amplification, it is tin: easier 
ur the two methods to use. 

Several detection nyidcius ate um-iI for quan 
tltative PCX and UT-PC!tt analysis; <1) agarose 
l»cls, (2) fluorescent label! tt^ uf PC iU products and 
detection with tn.icT-induoed fluorescence using 
capillary eiuctrophorvaia (Fasto el al. 1995; Wil- 
liams et al. 1 996) or acrylamide gels, ar id (3) plate 
capture and sandwich probe hybrid I /.a l tot t (Mul- 
der el al. 1994). Although these method" jmivwl 
successful, each method requires post-l'CR ma- 
nipulations That add tliiR* to the analysis and 
may lead to labor a to ty * on I urn in at ion. The 
sample dnuughput of these method* i.s limited 
(wllh Uu- exception of the plate capture ap- 
proach)* and, therefore, those methods an* not 
well >uhed fin u_se* demanding ni £ n sample 
Throughput (I.e., screening of large numbers of 
Motiuilt^ulc.N in 4i inly /An £ .lAmplea [%» dtagn^' 
tic* or clinical triiiKs), 

Here we report the deve.W >pnient of a novel 
it.vsay for quantitative DNA analysis. The assay is 
based on the use of the 5' nuclea.se assay first 
described by Holland et al. (1993), The method 
u.scs the 5' nuclease activity of T*u( polymerase to 
i:lcavc a noncxtcndlbtc hybridization prol>c dur- 
ing thr extension phase of I'CU. The Approach 
uats dual-la bcled fluoro^enic hybridisation 
probes (L-ec ct nJ. 19i>3; J*aitflcr ct al. 1995; I.lvok 
el al, 199£o,b). One fluorescent dye serves as a 
reporter |FAM (i.e., G-carboxyfluoreseein)| and its 
emission spectra is quenched by the second fluo- 
rescent dye, TAMRA (i.e., d-cahSoxy-tetramethyl- 
i hodaminc). The nuclease degradation of the hy- 
brkll/Jitton probe re leases the quenching of Ilk* 
I'AM fluorescent emission, raulling in an In- 
crease in peak fluorescent emission at SJB mn, 
The use Of a sequence detector (AM Prism) allows 
measurement of fluorescent spectra of ail 96 wells 
of the thermal cycler continuously during the 
POR amplification. Therefore, tiie reactions aie 
monitored in real limp. The output data is de- 
scribed and quantitative analyst of input iurget 
UNA sequences is discussed heiow. 



RESULTS 



PGR Produce Derealon in R«al Time 

"Hie goal was to develop a high-throughput, sen- 
sitive, and accurate gene quantitation assay for 
use in monitoring lipid mediated therapeutic 
gene delivery, A plasmld encoding human factor 
VIII gene sequence, pK8TM (sec Methods). w;»s 
used as a model therapeutic gene The assay use* 
fluorescent Taqroan methodology and an instru- 
ment capable of measuring fluorescence in real 
time (Aill Prism 7700 Sequence IVteclor). Ihe 
Taqman reaction requires » hybridisation probe 
lalKled with two different fluorescent dyes. One 
dye is a reporter dy« (MM), the other is quench - 
in*; dye (TAMRA). When the pro-It: Is intact, fiuo- 
icsccnt energy transfer occurs and the reporter 
dye fluorescent emission is absorbed hy the 
quenching dye (TAMI*A); During Die extension 
phase of the PCK cycle, the fluorescent hybrid- 
l/.alii>ri prone Is cleaved by the 5'-.T nuclcolytic 
activity of the DNA polymerase. On cleavage of 
the probe, the reporter dye emission is no longer 
transferred efficiently to the quenching dye, re 
sultinK bi an increase of the reporter dye fluores- 
cent cm tad on apedra. VCR primers and prober* 
were designed fix (lie human factor VI 1 J se- 
quence and human p-actln gene (as described in 
Methods). Optimization reactions were per- 
formed to choose the appropriate probe anil 
magnesium concentrations yielding the highest 
Intensity of rejxartcr fluorescent signal without 
sacrificing specificity. The Inst rumen 1 uses a 
ehftrgt>couplc.d device (i.c«, CCD camera) for 
measuring the fluorescent emission speclru from 
500 to o"50 nm. Kach PCR tube was monitored 
sequentially for 25 tn.suc with continuous moni- 
toring throughout the am plifici.it toil. Uach tube 
was re-examined every B.5 jktc. Computer x>fl- 
ware. was dasi^ncd to exainijie the fhi ore scent In* 
tensity of both the reporter dye (I'AM) .and 
the quenching dye (TAMRA). The fluorescent 
intensity of the quenching dye, TAMJIA, changes 
very little over the course of the PCR ampllfl* 
cation (data not shown). Therefore, the Intensity 
of TAMKA dye emission serves hk uu internal 
standard with which to normal hee the reporter 
dye (l J AM) emission variations. The software cal- 
culates a value termed ARn (or AftQ) uslnj; the 
following equation: dRn - (Un* 1 ) (Rn^X wl>ere 
Hi} 4 . • emission inlcji^ly of roporier/cmission in- 
tensity of quencher at any given time In a reae 
rion lube, and Ru r- emission inttmsitity of re- 
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poner/emlssion imemily of qucnt.lier mca-surcd 
prior to PGK itmplilication in that same reaction 
tube. 1'or the purpose of quantitation, the W 
throe data point* (ARnst) collected during the ex* 
tension step for each l J Ck cycle were anaJy/ed. 
The nucleolytic degradation of the. Hyundai ion 
probe occurs during ihe extensjupt phase of I'tat, 
and, therefore, reporter fluorescent ciiimmuih in- 
creases during this time. Jin: tbiee data point* 
were averaged for each KJK cycle and the mean 
value for each was plotted in an "amplification 
plot" shown in J'iflurC J A. The AKn mean value is 
plotted on* the j^axis, and time, represented by 
cycle number, is plot led oh the A-axis. During the 
early cycles of the VCM amplification, the ARn 



value remains at base line When sufficient hy- 
bridization probe hu$ been cleaved by the Tan 
jxrfymcruw; nucltf-aws activity, the intensity of re- 
porter fhmrcjtccm emission iiif.7e«t*et.. Most \>C)s 
amplifU-Mlons reach i* plateau phw of roporter 
fluoreHViil erninsfon if the reaction Is carried nut 
to high cycle uujiiIhtin. The amplification plot lit 
examined vaiiy in th* reaction, «t a point Ihflt 
• ^presents ibe log phase of produd arrmnula* 
tkm- This is done by assigning an aibilnuy 
'ihrcshoJd thai is bitted on the variability of the 
base-line UmI4. In Figure 1 A, the lhr<*hold was set 
»t 10 standard deviation* above the mean of 
haw lln* eniisyum calculated from irydc* 1 lo 1 5. 
Once the threshold is chosen, the point at which 
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Figure 1 PCR product detection in real time. (A) The. Model 770O ^oliwans will construct amplification iploti 
from the extension phase fluorescent emission data collected during the PCR amplification. T»« standard de- 
viation is determined 1rom the data points collected from the base line of the amplification ploL , values are 
calculated by determining the point al which the fluorescence exceeds a threshold llmil (usually 10 times ine 
standard deviation of the base line). (8) Overlay of amplification plots of serially (1 :2) diluted human 9enorntc 
DNA samples amplified with fi-actin primers. (Q Input DNA concentration of the samples plotted versus <..£ «■ 
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the amplification plot crossed the thresholds -de? 
fined as C,, C, is reported us the cycle number at 
this point. Ar will be demonstrated, the C, .value 
1st piedicdv* of the quantity of input target. 

Values Provide a Quantitative Measurement. o> 
Input Target Sequences 

Figure IB shows amplification plot* of ]&<ch¥fcv. 
ent PCR amplifications overlaid, 'I'he Amplify 
tions were performed on a 1:2 serial dilution «k 
human genomic J)NA. The amplified target wa*. 
human p octln. The amplification ploftt xhift to 
the right (to higher threshold cycles) as the input 
target quantity is reduced, 'Jhis is expected he 
mum ruaetfortK with fewer starting ropuw of the 
target molecule require greater amplification to 
degrade enough probe to attain the Threshold 
fluorescence. An arbitrary threshold of JO stan- 
dard deviations above the base line was used to 
determine the C ( - values. Figure 1C represents the 
C T values plotted versus the sample dilution 
value, Each dilution was amplified in triplicate 
VCR amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The C T values decrease linearly with increas- 
ing target quantity. Thus, C r values can be used 
as a quantitative measurement of tin* Input target 
number. It should be noted that the amplifica- 
tion plol for the 15,6*ng sample shown In Figure 
lfi does not reflect the same fluorescent rate of 
Increase exhibited by most of the other samples. 
The 15,6-ng sample also achieves endpoini pla- 
teau at a lower fluorescent value than would he 
expected based on the input UNA. This phemmi* 
enon has been observed, occasionally with other 
samples (data not shown) and may be attribut- 
able to late cycle inhibition; this hypothesis is 
still under investigation. It is important to note 
that the flattened slope and early pJatcau do not 
impact significantly the calculated C n value us 
demonstrated by the Hi on the line shown In 
Figure 1 C, AH triplicate amplifications Resulted in 
very similar G,- values— the standard deviation 
did not exceed 0.5 for any dilution. This experi- 
ment contains a >1 00,000-fold range of input tar- 
get molecules. Using Cy values for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
quantitation. The linear range ol lluorcsccnl in- 
tensity measurement of the ABI Prism 7700 Se- 
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merits over n very large Tjmj»o of relative cianlng 
targei quantities. 

Sample Preparation Validation 

Several parameters influence the eftlclenry uf 
pc;r amplification: magnesium and sail concen- 
tratioiiK, reaction conditions (i.e., time and ic.m- 
perature), PCH target size and composition, 
primer sequences, and sample purity. All of The 
.above factors are common to a single Villi assay, 
except sample lo sample purity, in an effort to 
validate the method of sample preparation lor 
the factor Viil assay, PCK amplification reproduo 
ibih'ty and oJflcicncy 01 10 replicate sample 
pie|xar«-itiOTis were examined. After genomic DNA 
was prepared from the 10 replicate samples, the 
DNA was quanUiaicd by ultraviolet spectroscopy, 
Amplifications were performed analyzing p-aciln 
gene, content ill 100 and 2$ ng of total -genomic 
DNA. Each I'CK amplification was performed in 
triplicate. Comparison of (J r values for each trip* 
i Urate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Table 1). Therefore, each ol the triplicate VCM 
amplifications was highly reproducible, demon- 
strating that real time VCR using this instrumen- 
tation introduces minimal variation Into the 
quantitative J'CR analysis. Comparison of the 
mean C n values of the 10 replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for p-actin gene quantity. The highest Cy 
difference between any of rhe samples was 0.85 
and 0.71 for the 100 and 25 ng samples, respec- 
tively. Additionally, the amplification of cadi 
sample exhibited an equivalent rate of fluores- 
cent emission intensity change per amount of 
DNA target analyzed as indicated by similar 
slopes derived from the sample dilutions (Pig, 2). 
Any sample containing an excess of a i'Ck inhibi- 
tor would exhibit a greater measured 3-actln O r 
value for a given quantity of DNA. In addition, 
the inhibitor would be diluted along with the 
sample in the dilution analysis (Hg, 2), altering 
the expected C r value change. Each .sample am- 
plification yielded a similar result in the analysis, 
demonstrating that this method of sample prepa- 
ration is highly reproducible with regard to 
sample purity* 

Quantitative Anafvsis of a Plasm id After 
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Tablo 1 . Reproducibility of Sample Preparation Method 



100 ng 



25 ng 



Samplo 

no. Cr 



standard 
m^an deviation 



CV 



1 18.24 
18.23 

.13.33 10.27 

2 18.33 
18.35 

1M4 18.17 

3 18,3 
18.3 
18.42 

4 18.15 
18.23 
18.32 

5 18.4 
18.38 
18.46 

6 18.54 
18.67 
19 

7 18.28 
18.36 

18.52 18.39 

8 18.45 
18,7 
18.73 

9 18.18 
18.34 

10 18.42 
18.57 

18.66 18.55 
Mean (1 10) 18.12 



0-06 
0.06 

18.34 0.07 
18.23 0.0S 
1B.12 0.01 
18.74 0.21 
0.12 

18.63 0.16 
18.29 0.1 

0.12 
0.17 



0.32 

0,3? 

0.36 

0.46 

0.23 

1.26 

0.66 

0.83 

0,55 

0.66 
0.90 



20.48 

20.55 

20,5 

20.61 

20.59 

70.41 

20.51 

20.6 

20.49 

20.48 

20.44 

20.38 

20.68 

20.87 

20.63 

21.09 

21.04 

21.01 

20,67 

20,73 

20.65 

20.98 

20.84 

20.75 

20,46 

20.54 

20.48 

20.79 

20.78 

20.62 



standard 
mean deviation 



20,51 
70.54 
20*54 
20.43 
20.73 
21.06 



20.86 

20.51 

20.73 
20.66 



0.03 
0,11 
0.06 
0.05 
0.13 
0.03 



20.68 0.04 



0.12 
0,07 

0.1 
0.19 



cv 

0,17 

0.54 

0.28 

0.26 

0.61 

0.15 

0.2 

0.57 

0.32 

0.16 
0.94 



(or containing a partial cDNA for human factor 
VIH, pFgTM. A wrk'S of transections wan sol 
up using a decreasing amount of the plasuiid v (40, 
4, (1.5, and 0.1 u,g). Twr.my-rour hours posl- 
tranafei'iinn, total !*>NA was purified from each 
flash of cdh. p-AUin gene quantity wa* rtiusej i a* 
a value: for normali/^tit m of genomic DNA con- 
centration from each sample, lu this expedient, 
p-actin gene content should remain constant 
relative to total genomic DNA. Figure 3 shows the 
result of the p-actlu UNA measurement (100 ng 
total DNA dctcrmintid hy ultraviolet spectros- 
copy) of each sample. Kaeh &*mpte was analysed 
in triplicate and the mean p-actin Cr values of 
the triplicates were plotted (error bars represent 

-r.«« r+vv,«t<ifri rimnAitnni 1 h#» hfohpsr niffrrrnrr 



Uvtw^u any iwo sample ma am was 0.5*5 CV Jen 
nanograms of total DNA of each sample were also 
examined for p-actln. llic results again .showed 
that very similar amounts of genomic !>NA were 
present; the maximum mean p actio value 
difference wa.* 1 .0. As Figure 3 shows, the ride of 
p-actln C r change between the 100 and 10-ng 
scumble* was similar (dope values rang« bwtwoon 
3,56 and -3.45). Thin verifies again ih«t the 
method of .sample preparation yields sajnples of 
identical PCR integrity (i.e., no sample contained 
an excessive ainuuul of a VCR inhibitor). How. 
ever, Chew results indicate that each sample con 
tained slight diffeiences in the adual amount of 
genomic DNA aualyxcd. Determination of actual 
yenojiijc t >N A concent raiibn was accomplished 
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Figures 2 Sample preparation purity. 1 he replicate 
samples shown in Table 1 wore also amplified Jn 
tripicate using 25 119 of each DNA sample. The fig* 
uifc shows die input DNA concentration (100 and 
25 ng) vs. C, in ih*» flQnre, ihp 100 and 75 ng 
poloU for aach sample are connected by a line. 



by plotting the mean value obtained 

for uat!ti 100- 1 ig stunplv un a ft-aclln standard 
curve (shown In Vi$. 40). The actual genomic 
DNA concentration of each strmpta, «, was ob 
talncd by extrapolation to thu a'h*!*, 

Figure 4A shows the measured (I.e., i""*> 
normalised) quantities of factor VJJJ pin sin id 
DNA (preTM) from each of tli« four transient evil 
traosfoclions. Each reaction contained J 00 ng Of 
lota! sample DNA (as determined by UV spectros- 
copy).. lUidi sample was analyzed in triplicate 
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Figure 3 Analysis of tnanstectcd cell DNA quantity 
and purtty. I he DNA preparations* of U<c lour 293 
cell transfections (40, 4, 0.5, and 0.1 p.g of pFSTM) 
were analyzed for the 0-actln gene* 100 and 10 ng 
(delcrmined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM thai was transacted, the p-actln 
C 7 values are plotted versus the tolal Input DNA 

rat \f\r\ 



; !>t:U simplification*. As shown, pl'STM purified 
iftoiclbc 20H colls decrease* (mean C, values in- 
entii/a*) with decreasing amounts of plasmid 
aruitsiri.tcd* The mean C'; A values obtained for 
pFfcTM in 'Figure 4A were plotted on a standard 
curve comprised uf scilnlly diluted pFHTM, 
shown .in figure 4B. The quanlily oJ pI'KTM, b, 
found in each of the four transection*; was de 
termined by extrapolation to the or ax!(. of the 
standard curve In l'tgure 4H- 'Hutsc uncorrected 
values, b, for pWiTM were normali^d to deicr- 
mine Uie actual amount of pl*8'lM found per 100 
riK of genomic DNA by using the equation:- 

b X 10 0 nft uctual \>VH TM copies ner 
#~ "100 ng of genomic DNA 

where a actual genomic ONA in a .sample and 
b 1- pl : 8'l"M copies from the standard curve. The 
normalised Quantity of pl'S'i'M per 100 ng of ge- 
nomic DNA for each of the four iranafccilons Is 
shown In Figure 4JJ- 'Hirst: rt::»ulls show Uifli the 
quantity of factor Vlll plasiuid associated vvnti 
the cells, 21 hr after tnnisredion, ik:*.ii:.isc;» 
with decreasing piHsuiiU i.ui Herniation used in 
the transection. T!k: quantity of pi'BTM associ- 
ated wjih 293 cells, after tramfectlon with 40 ing 
Of niasmid, was 35 pgper 100 ng genomic DNA. 
TlliS results in -520 plasiuid copies per cell. 



DISCUSSION 

Wo have described a new method for quant Mut- 
ing gene copy numbers using reaMlrttc analysts 
of P(JK amplifications. ReaMlmc FCK ix compat- 
ible with cithttr of the two PO< (KT-PCR) ap- 
pruadio: (1) quanlilative comr^thivc where an 
internal competitor for each target .sequence is 
used for norrnahKatlon (data not shown) or (2) 
quantitative comparative PCH using a muiualiza- 
tiou gene conlained within the sample (i.e., (3-nc- 
tiii) or a ^housekeeping" gene for ttT-PGK. Jf 
equal amounts of nucleic acitl are analyzed Un 
each sample and if the amplification vffh fancy 
before quantitative analysis is identical for each 
sample, the inrernai cojjtroi (nuinia)j^tlu>u gene 
or competitwr) should give equal s^nals for all 
samples. 

The rcal-lime PCU method tiffcrs several ad- 
vantages over the other two methods currently 
employed (see the Introduction). First, the reaU 
time 1*CR method is performed in a doscd-tube 
system and requires no post-PCR manipulation 
Z0S6 09Z 6*6 IVd OO^ST Z00Z/S0/2T 
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Figure 4 Quantitative Analyii* of pFSTM in transfccted eclb. (A) Amount of 
plasmid DNA used for the trunsfection plotted against the iihuim C, vafue deter- 
mined for pfSTM remaining %4 hr alter transection. (0,C) Standard curve* of 
p£ftTM and Pectin, respectively. pf"0TM DNA <fi) and genomic £>NA (Q were 
diluted ftftdally 1 before amplification with the appropriate primers. The p-actin 
standard curve w«w usgd to normalise the results of A to 1 00 rig of genomic DNA. 
(0) The amount of pF8TM present pc:r 100 »g of genomic DNA, 



of sample. Therefore., (hi* ftniential for roil con* 
lamination in the laboratory is reduced because 
amplified product* can he. analysed and disposed 
of without opening the reaction tubes. Second, 
(his method suppoiU the u.se of a iionmiljy.fdloji 
gene (Lc., p-«ctin) for quantitative PGR or house- 
keeping genes for quantitative RT-1'CK- controls. 
Analysis Is performed in real time during the Jog 
phase of product accumulation. Analysis during 
h*K phase permit* many different genes (over a 
wide input target range) to be analy^itf simulta- 
neously, without concern of reaching reaction 
plateau at different cycles This will make ijiulll- 
gene analysis assays much caMei to develop, be- 
cause individual internal uiiftpeiUoi* will nut he 
necded for each gene under analysis. Third, 
aa'mplc throughput will imiease dramatically 
with the new method l>ccause there is no |h>M- 
TCK processing time. Additionally, walking In a 
9 6- well format Is highly compatible with auto* 
mation technology. 

The real -time PGR method is highly repro- 
ducible. Replicate amplifications can be analyzed 



for each sample minimizing j>t>tential error. The. 
system allow* i'c> T a very Jarge assay dynamic 
rungt' (approaching 1,000,000 -fold Mailing tai- 
gel). Utflng a .standard curve for the. target ol in* 
terest, relative copy number value* can be deter- 
mined for any unknown ?> ample. Fluorescent 
threshold values, C r> couelatr. linearly with rela- 
tive DNA copy numbers. Real time quantitative 
UT-PCR methodology (Gibson ct ah, this Ijuija) 
has also been developed, finally, real time quan- 
titative I*CU methodology can l>c used to develop 
high-throughput screening assay* for n variety of 
applications [quantitative gene CApjesskm (RT- 
PCR), gene copy asaay* (I1cr2, I11V, etc.), gcniv 
typlng (knockout mouse, analysis), and Immut u>- 

porj. 

Real-time POU may al«o Ik; performed using 
intercalating dye.a (Higuchi el al- 1W2) such as 
cfhJdiurn bromide. The fluorogenic probe 
method offers a major advantage over inter- 
calating dyes- greater specificity (i.e., primer 
dlmvrs and nonspecific PGR products are not de- 
tected). 
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METHODS 

Generation of <t Plasmtd Containing a Partial 
cDNA far Human Factor VIII 

Total RNA wa> luirveMcd (UNAwnl It from Tol Tc$t, Inc., 
rTJC'idsWOOd, TX) from ee)l> It Affected wtih q factor VI 11 
rKjinnsrluu v«tor, pttS&tkaSI* (Kaicm et M. 1°H6; Gdl* 
mon c.t al. 1900). A factor VIII parllal cl *N A wpirntv WAS 
^..u-rntcd by M* IGonoAmp l(Z iTlh UNA PP.lt KH 
(pan NWMWIV/9, I'E Applied tsiosystcms Postvi CMy, <^A)J 
using Ok- I'tril primes IVfor »«il l-*ftrev ({trinwr wqiimCrN 
arc shown below). Hie am pi Icon w;is reamplifird using 
modified and Wrcv primers (apix'nded with humW 
and f/wd1il restriction site sequences hi the V ciwlj 
clonal h«<> pGKM- 3Z (l t roiiit<gu Corp., Madison, WI). The 
resulting d«nr, pWHTvf, was uwd lor transient transfocilon 



Amplification of Target DNA ami Dviecilpn of 
Amplicpn Factor VHI Plasmid DNA 

(pVBTM) was amplified with ihe piinu-isi l**8f<*r 5'-C;<;C- 

cn'acc^vAUAUiiVAixiicn'c-a' and wrcv ,v-aaa<:c;t- 

IMOCXn'CKiA'JXai'rACSCi-A'.Hic rvnclUm piodueed ** '120- 
i jj i k:k product. The forwurd primer wan designed to lev 
ogirixe tt unique M'i|uviui' ft mi id In the 5' untraiuKMed 
region of I lw paieiil uCtt>Z,b\25l> pltwind <iml therefore 
doe* not icvugnUc and amplify thv Human factor VIII 
gene* Primer* were chopou with thy *v*i*t*oc*e of l ho com- 
puter program Oligo 1.0 <Nutitmul Hiascicnces, Inc.. I'ly- 
mouth, MN). The human p-actt" g<»no wj-e; amplified with 
the prtiucn /i-m-iin furwArd pfhncr S'TCACOOACAt rrtiT 
GCCCATO'ACX';A-.V and p-actin reverse p# irr*cr V.CAc;. 
CGGAACCXJcrr<:A*IT(iC:c^A'JXjG-3'. The reaction pro- 
duced a 295 hp i*CM product. 

Amplification reaction* (SU pJ) contained it DNA 
sample, K)x PCR Kuffe.r It (6 >d), 200 jtM dAlV, dGTl\ 
dGTP, and 400 \w dlJTP, 4 infc MgCI 7 , 1.2* Untis Ampll 
7>j</ DNA polymciasc, 0,5 unit AmpKmnc uracil N-giy- 
tsmyluwe <UNC), SO pinole of each foeloi VIII jirlinci, tind 15 
p*n<>h* of 4tttV.1t ft actio pjlmw. 'Hut icavtlwiw alvo i^nialucd 
one Of (hC foflowli*^ dt«tc<'tl»ii prolix (WWI «m mr|i): 

j'Mj.roi**. A'<KAW>Ac:crjrrj , c:cA(:<rr<;crn , <rrrr(:Tc;'r- 

GCCTTCTAMRA)p 3'«ud pectin pr^Ur 5' (FAM)ATGU:c:- 
X(TAMl^V)CCCCr;ATGCCATCp-.T wl.crr p indieMes 
plmiphorylAli<%n nnd X indicates a linker arm nucleotide. 
Reaction IuIh«» wen* Wit:n>Ait\|> Optical Tube* (part AUrft- 
licr NkOl (Mm, Pcrldn Ulniur) that wore frosted (i»t IHt*;I*i 
rimer) to prevent li^lil from /cflcclli^, 'ImIxj capv were 
ilmibr m Mi«*n>Auip Cnps but specially desiftned to pre- 
vent \\&h\ »eutkTMi{(. All ol i»i<* IH1U anirttituii(>U* were fMf*- 
phv:d 1>y PIS Applied ltio«yp<t«-»i9 <l^»>ter ttUy, CA) except 
the factor Vlll primera, wHk-h Wne *yn< hex |y.cd ut Cenen 
tech, Inc. (Stuitb Siwi rrtinclsco # CA). Prohe$ wi-rt- iic-sJ^nwl 
using the Oligo 4.0 .Viflwarc, folk»winj; guideline* kuk- 

RCsted in tnc Model 7700 .Sequence l>a<H*lt>r hi.viiuuicfd 
manual. Hrlcfiy, probe T m &)jttuUt he At least 5 U C hlfthrr 
than fhr anuu-AlliiK ttfmpvjaiure u»ed during Uirrmul cy- 
rltitgf primers should not Xoim suh\v duplexey with the 
prohr. 

The thenu4il cycling condition* Included % jiiIii *t 
50^and 10 niin ul 95*C. Ilicrtnal lycliilg pmcrr<led with 
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n actioiis were performed i»» I ho Morlol 77(M) Sequence l>c- 
ttHl<»f (Pt AppMed UiosyvRunw), wl»lrH ccmtaluic n Ociv. 
Amp I^^U Sy&lum WOUO* U<ta<:Uon conditio"* w<rf* puv 
RfttiiiitiuU on .i IWar Macintt»li V100 (Apple Uimp"*^ 
Santa CJaru, l'*A) linked dirvctty to the Model VVOft .Se- 
quence iKilector, Ati^1y«(* *>f data w»t; aUo perf/»nn*«d on 
the Mm lrttosh computer, Ollnrtton and Miialydt; «>fiwaro 
wi\% dovelo|Wl Hi l'K Applie^t BtcKyxtums. 



Transfection of Cells with Factor VIII Construct 

Vnur T)7S Oaskfi of 293 cells (AVOO CU1. 1571^}, ** human 
fetol Uldney «»tipen/iion cell line, wvrv H r, ' wl ' lo ROOIvcon- 
Hucttcy aftil trawfctled pl'ffl'M. Celli were grown in the 
Mlnwiug uicdlA! S0% HAM'S 1^12 without GMT, tf>% low 
glucose J HUlH'tY^n^ modified Kogle malium (l)MHM) wltJw 
cum glycine with sodium bicarhonato, 10% ieial Inmne 
serum, 2 imm L-glutdinlnr, and 1% penkillin-slrcptomy* 
vln. The. medio wna dianfjcd 30 min the Iransfce 

lion, pWl'M WA ^mountt* of AO, 4, 0„«v, and 0.1 »m; were 
oddwl to ml of ft solution containing m Ck»Cl ? ; 
and 1 x UiWVS. The four mixture* were left at room te»»»- 
|.xrmt«m< fc« TO mtn and iheti iKUknl dmpwUc- l<v die cells. 
The n»>fc> wv»-;iiK.uUitcd at 37"C:'»nd S% <:O a for 24 hr, 
wiuihed with Pits;, »*ici r<i*iu*pcnded In PUS, *l')u* rtwiift 
jn-nd*.*! cc\h were divided into uliquniM und DNA WAfl ev- 
tnuttcd hiiimtdlutcly uniiiR the QIAu/uji l>Un,d Kit (QU(?en. 
<ai«t5Yn>rti>, <.IA) T l>NA w«s <;!uted Into 2(K) ul 20 i»m 
1VM10J ul pll 8.0. 
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methods. Peptides AENK or AEQKwere dissolved in water, made isotonic with 
NaCl and diluted into RPMI growth medium. T-cell- proliferation assays were 
done essentially as described 20,21 . Briefly, after antigen pulsing (30 fig ml -1 
TTCF) with tetrapeptides (l-2mgmr'), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0.1 M and the cells were washed five times in RPMI 
1640 medium containing 1% FCS before co-culture with T-cell clones in 
round-bottom 96-well microtitre plates. After 48 h, the cultures were pulsed 
with 1 u.Ci of 3 H -thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 u,g TTCF with 0.25 a-g 
pig kidney legumain in 500 u.1 50 mM citrate buffer, pH 5.5, for 1 h at 37 °C. 
Glycopeptide digestions. The peptides HIDNEEDI, HIDN(N-glucosamine) 
EEDI arid HIDNESDI, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C-terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5mg reduced, carboxy- methylated human transferrin followed by 
concanavalin A chromatography 11 . Glycopeptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N-terminal sequencing. The lyophilized transferrin- 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with 
5-50 mU ml*" 1 pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOmgrnl -1 ot- 
cyanocinnamic acid in 50% acetonitrile/0.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells 1 . Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL. 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine- rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG) 3 , 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy-terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, arid liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL 4 (Fig. 2a), but not to cells transfected with 
TNF 5 , Apo2L/TRAIL*' 7 , Apo3L/TWEAK 8,9 , or OPGL/TRANCE/ 
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RANKL 10 " 12 (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFR1. Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (K d = 0.8 ± 0.2 and 
l.l±0.1nM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly aU of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble-FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
~0.1 jjigml -1 . Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of mature T lymphocytes, a FasL- 
dependent process 1 . Consistent with previous results 13 , activation 
of interleukin-2 -stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 
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Figure 1 Primary structure and expression of human DcR3. a, Alignment of the 
amino-acid sequences of DcR3 and of osteoprotegerin (OPG); the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD 1 -4), and the AMinked glycosylation site (asterisk) are 
shown, b, Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of.poly(A)* RNA (Clontech) from 
human fetal and adult tissues or cancer cell lines. PBL, peripheral blood 
lymphocyte. 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes ,,M ~"\ Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from —65% to 
—30%, with half-maximal inhibition at — ljxgml" 1 ; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL 17 . 

Given the role of immune-cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Figure 2 Interaction of DcR3 with FasL. a, 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (sopd line, shaded area), TNFR1-Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by 
FACS. Statistical analysis showed a significant difference^ < 0.001) between the 
binding of DcR3-Fc to cells transfected with FasL or pRK5. PE. phycoerythr in- 
labelled cells, b, 293 cells were transfected as in a and metabolicaiiy labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFR1, DcR3 or Fas. 
c, Purified soluble FasL (sFasL) was immunoprecipitated with TNFR1-Fc, DcR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane, d, Flag-tagged sFasL was 
incubated with DcR3-Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag. e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction (PCR) 18 in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18- fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3 -based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM 21 8xe7 (T160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the cloned insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3- linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre' of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand-family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG 2 ' 19 . 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal - 
: ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface 1 ? , DcR3 competes with Fas for 




10-2 10 -1; / 100 
Inhibitor (jig mM.)^V 



PBS IgG Fas DcR3 




10 20 
Time (h) 



80 



£20 



r 



10-1 10 0 10 1 
Inhibitor (u.g mh 1 ) 



• 20 

8 10 





11 











10 

2 
1 

0.5 



QflMi 




Figure 3 Inhibition of FasL activity by DcR3. a, Human Jurkat T leukaemia cells 
were incubated with Flag-tagged soluble FasL (sFasL; Bngmt 1 ) oligomertzed 
with anti-Flag antibody {0.1 u,gmr') in the presence of the proposed inhibitors 
DcR3-Fc, Fas-Fc or human IgGl and assayed for apoptosis (mean * s.e.m. of 
triplicates), b. Jurkat cells were incubated with sFasL-Flag plus anti-Flag antibody 
as in a. in presence of 1 u.g ml"' DcR3-Fc {filled circles), Fas-Fc (open circles) or 
human IgGl (triangles), and apoptosis was determined at the indicated time 
points, c, Peripheral blood T cells were stimulated with PHA and interleukin-2, 
followed by control (white bars) or anti-CD3 antibody (filled bars), together with 
phosphate-buffered saline (PBS), human IgGl. Fas-Fc. or DcR3-Fc (10u.g ml -1 ). 
After 16 h, apoptosis of CD4* cells was determined (mean + s.e.m. of results from 
five donors), d, Peripheral blood natural killer cells were incubated with 5, Cr- 
labelled Jurkat cells in the presence of OcR3-Fc (filled circles). Fas-Fc {open 
circles) or human IgGl (triangles), and target-cell death was determined by 
release of 5, Cr (mean ± s.d. for two donors, each in triplicate). 



Figure 4 Genomic amplification of DcR3 in tumours, a, Lung cancers, comprising 
eight adenocarcinomas (c, d. f, g, h, j, k, r), seven squamous-cell carcinomas (a, e, 
m, n, o, p, q), one non-small-cell carcinoma (b), one small-cell carcinoma (i), and 
one bronchial adenocarcinoma (I). The data are means ± s.d. of 2 experiments 
done in duplicate, b, Colon tumours, comprising 17 adenocarcinomas. Data are 
means ± s.e.m. of five experiments done in duplicate, c, In situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-field image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S). blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d, Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward, Rev and Fwd). the 
DcR3-linked marker T1S0. and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's Mest 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin- 1 has been 
described 21 . In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL- related apoptosis- 
inducing molecule Apo2L 22 . Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR- family member is 
OPG 3 , which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L 19 . Thus, DcR3 and OPG define a new subset of 
TNFR- family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF- family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. □ 



Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PCR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). 

Fc-fusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFR1, was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described". 

Fluorescence-activated cell sorting (FACS) analysis. We transfected 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL 4 (2 u^g), together with pRK5 encoding CrmA 
(2 jxg) to prevent cell death. After 16 h, the cells were incubated with 
biotinylated DcR3-Fc or TNFRl-Fc and then with phycoerythrin -conjugated 
streptavidin (GibcoBRL), : arid were assayed by FACS. The data were analysed by 
Kolmogoroy^S mi rnov statistical analysis. There was some detectable staining 
of vector- transfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed coins titutively on 293 cells. 

Immunoprecipitation. Human 293 cells were transfected as above, and 
metabolically labelled with [ 35 S] cysteine and [ 35 S J methionine (0.5 mCi; 
Amersham). After 16 h of culture in the presence of z-VAD-fmk (10p.M), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl-Fc 
(5u,g), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified, Flag-tagged soluble FasL (1 jig) (Alexis) was incubated 
with each Fc-fusion protein (1 p.g), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25 ^g) was 
incubated with buffer or with DcR3-Fc (40 u,g) for 1.5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-ml fractions were collected. The presence of DcR3— Fc— FasL 
complex in each fraction was analysed by placing 100 u,l aliquots into microtitre 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
streptavidin-horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homotrimers. 

Equilibrium binding analysis. Microtitre wells were coated with anti-human 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL Bound ligand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgG 1 before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AICD. CD3 + lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 jig mf') for 24 h t and cultured 
in the presence of interleukin-2 ( 100 U ml -1 ) for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later.by FACS analysis of annexin-V-binding of CD4 + cells". 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16 h with 51 Cr-loaded Jurkat cells at an effector- 
to-target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target -cell death was determined by release of **Cr in effector- target co- 
cultures relative to release of 5l Cr by detergent lysis of equal numbers of Jurkat 
cells. ; V 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR 18 
using a TaqMan instrument ( ABI). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER-2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (T159), the nearest 
available marker which maps to —500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3 -specific primer sequences were 
5'-CTTCTTCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5 ' - ( FAM ACACG ATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5 '-fluorescein phosphoramidite. Relative 
gene -copy numbers were derived using the formula 2 (ACr) , where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes 1 . The recently completed Escherichia coli genome 
sequence revealed that the largest family of paralogous K coli 
proteins is composed of ABC transporters 2 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or mult id rug-resistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains'. In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane-bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of 5. typhimurium and E co/i'* 3-8 is a 
well -characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMP 2 , 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
•properties intermediate between those of integral and peripheral 
membrane proteins 9 , is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM 6 . The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity 8 , and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 3 . HisP has been purified 
and characterized in an active soluble form 3 which can be recon- 
stituted into a fully active membrane-bound complex*. 

The overall shape of the crystal structure of the HisP monomer is 
that of an *U with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded p- 
sheet (p3 and p8-p 12) spans both arms of the L, with a domain of a 
a- plus p-type structure (pi, p2, p4-p7, otl and ot2) on one side 
(within arm I) and a domain of mostly ct-helices (ot3-a9) on the 
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Figure 1 Crystal structure of HisP. a, View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
The thickness of arm II is about 25 A, comparable to that of membrane. a-Helices 
are shown in orange and p-sheets in green, b, View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The p-strands at the dimer interface are labelled, c, View of one monomer from 
the bottom of arm I, as shown in a, towards arm II, showing the ATP-binding 
pocket, a-c, The protein and the bound ATP are in 'ribbon' and 'ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT 29 . N, amino terminus; C, C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-chain-reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require post-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbB2) in breast tumors. Extra copies of myc, ccndl and erbB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi- automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings. Int. J. 
Cancer 78:661 -666, 1998. 
© 1998 Wiley-Liss, Inc. 

, Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dm ins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi et al, 1994) have also been used in broad 
searches for regions of increased DNA copy numbers in rumor 
ceils, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include myc (8q24), 
ccndl ( 11 q 1 3), and erbB2 ( 1 7q 1 2-q2 1 ) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndl t and erbB2 proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Berns et al., 1992; 
Schuuring et al., 1992; Slamon et al, 1987). Muss et al (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et al (1987) between 
erbB2 amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
ug/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage tumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et al, 1996; Heid et 
al, 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et al (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
et al, 1993). One fluorescent dye, co-valently linked to the 5 ' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5'-3' nucleolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye (i.e., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et al., 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (ii) the C, (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why Q is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of C t 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in ail 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
rumors (myc, ccndl and erbB2), as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 1 08 breast tumors 
were compared with previous Southem-blot data for the same 
samples. 



MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular- weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 18 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-time PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C, (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring C t and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e., lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-qI3, in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et al, 1 994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N", and is determined as follows: 

■ copy number of target gene (app, myc, ccndl, erbBl) 

N — . 

copy number of reference gene (alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DNAgency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, MicroAmp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et al. (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
ng of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acryiamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 10-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/ul. The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10~ 7 (10 5 copies of each gene) to 
10~ 10 (10 2 copies). This series of diluted PCR products was 
aliquoted and stored at — 80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 ng). 

PCR amplification. Amplification mixes (50 ul) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan buffer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCi 2 , 1 .25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 10 min at 95°C. Thermal cycling consisted of 40 cycles at 
95°C for 1 5 s and 65°C for 1 min. Each assay included: a standard 
curve (from 1 0 5 to 1 0 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-weIl microplate). All 
samples with a coefficient of variation (CV) higher than 10% were 
retested. 

AH reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates C t and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc, ccndl and erbB2 proto-oncogenes, 
and the p-amyloid precursor protein gene (app\ which maps to a 
chromosome region (21q21.2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et aL, 1994). The 
reference disomic gene was the albumin gene (alb, chromosome 
4qll-q!3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/ul. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure I shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10 2 copies or as 
many as 1 0 5 copies. 

Copy-number ratio of the 2 reference genes fapp and alty 

The app to alb copy-number ratio was determined in 1 8 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 




0 2 4 6 8 10 1Z 14 16 18 20 22 24 26 28 30 32 34 36 38 40 Reporter: f FAM V| 

Cycle 




Figure 1 - Albumin (alb) gene dosage by real-time PCR. Top: Amplification plots for reactions with starting alb gene copy number ranging 
from 10 3 (A9\ 10 4 (A7), 10 3 (A4) to 10 2 (A2) and a no-template control (A I). Cycle number is plotted vs. change in normalized reporter signal 
(ARn). For each reaction tube, the fluorescence signal of the reporter dye (FAM) is divided by the fluorescence signal of the passive reference dye 
(ROX), to obtain a ratio defined as the normalized reporter signal (Rn). ARn represents the normalized reporter signal (Rn) minus the baseline 
signal established in the first 15 PCR cycles. ARn increases during PCR as alb PCR product copy number increases until the reaction reaches a 
plateau. C t (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
line) can first be detected. Two replicate plots were performed for each standard sample, but the data for only one are shown here. Bottom: 
Standard curve plotting log starting copy number vs. Q (threshold cycle). The black dots represent the data for standard samples plotted in 
duplicate and the red dots the data for unknown genomic DNA samples plotted in triplicate. The standard curve shows 4 orders of linear dynamic 
range. 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions (app. 21q21.2; alb, 4q1 1 -ql 3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et al, 1994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccndl and erbB2 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 1 8 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for myc; 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccndl and 0.6 to 1 .3 (mean 0.9 1 ± 0. 1 9) for erbBl. Since N values 
for myc, ccndl and erbBl in normal leukocyte DNA consistently 
fell between 0.5 and 1.6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccndl and erbB2 gene dose in breast-tumor DNA 

myc, ccndl and erbBl gene copy numbers in the 108 primary 
breast tumors are reported in Table I. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erbBl (15%, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl, 2 to 15.1 for erbBl, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (Til 8). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbBl and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbBl in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbBl copy number (N < 0.5), suggesting that they bore deletions 
of the 17q21 region (the site of erbBl). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

. Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbB2 amplifications 
had previously been done on the same 1 08 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N 5: 5). However, there were cases ( 1 myc, 6 ccndl and 4 erbBl) 
in which real-time PCR showed gene amplification whereas 
Southern-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE I - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND erbVl GENES IN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 2-4.9 


a5 


myc 


0 


97(89.8%) 11 (10.2%) 


0 


ccndl 


0 


83(76.9%) 17(15.7%) 


8 (7.4%) 


erbBl 


5 (4.6%) 


87 (80.6%) 8 (7.4%) 


8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA, which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage tumors, cytopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in tumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi et al, 1994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo et al., 1 990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 100 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables C, to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C t value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
Q ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real-time PCR, like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et al, 
1996; Slamon et al, 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature. (0 Chromosome regions 4q 1 1 -ql 3 and 21q21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et al, 1994). (ii) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Bems et al, 1 992; Borg et al, 1 992). (Hi) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbBl amplifica- 
tion, confirming the findings of Borg et al (1 992) and Courjal et al 
(1997). (iv) The maxima of ccndl and erbBl over-representation 
were 1 8-fold and 1 5-fold, also in keeping with earlier results (about 
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CCNP1 



ALB 



Tumor Copy number C| Copy number 



T118 



27.3 



4605 



26.5 



4365 



m T133 



23.2 



61659 



25.2 



10092 



T145 



22.1 



125892 



25.6 



7762 



Figure 2 - ccndl and alb gene dosage by real-time PCR in 3 breast tumor samples: Tl 18 (EI2, C6, black squares), Tl 33 (G 1 1, B4, red squares) 
and T145 (A8, C8, blue squares). Given the C, of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experiment Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table II, 



30-fold maximum) (Bems et ai. 1 992; Borg et ai, 1 992; Courjal et 
ai, 1997). (v) The erbB2 copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degree of amplification (An et al, 1 995; Deng et al, 1996; Valeron 



et al, 1996). Our results also correlate well with those recently 
published by Gelmini etal (1997), who used theTaqMan system to 
measure erbB2 amplification in a small series of breast tumors 
(n = 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE II - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
FROM 3 BREAST TUMORS* 



Tumor 




ccndl 






alb 




Uccndl/atb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


T118 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


1111 


10092 


10137 


375 


6.03 




61821 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









'For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level of ccndl gene 
amplification (Nccndl/alb) is determined by dividing the average ccndl 
copy namber value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(>5-fold). The slightly higher frequency of gene amplification 
(especially ccndl and erbB2) observed by means of real-time 
quantitative PCR as compared with Southern-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et ai, 1992; 
Slamon 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erbB2 (but not of the other 2 proto- 
oncogenes) in several tumors; erb&2 is located in a chromosome 
region ( 1 7q2 1 ) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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